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Resum
Les zones litorals juguen un paper fonamental en el funcionament dels ecosistemes marins. Són àrees estratègiques, 
zones de transició en què conß ueixen factors terrestres, atmosfèrics i oceànics i de les quals depèn una àmplia 
varietat de recursos naturals. A diferència del que succeeix a vastes regions de loceà, on els organismes del plàncton 
exhibeixen cicles estacionals recurrents i una clara sincronia amb les variacions físiques, a la costa les comunitats 
planctòniques presenten una variabilitat temporal i espacial molt acusada. Els patrons estacionals no sempre 
són visibles i amb freqüència la dinàmica dels organismes està subordinada a processos locals especíÞ cs. En les 
últimes dècades, laugment de la pressió urbana al litoral i limpacte cada vegada major de les seves poblacions han 
accentuat la inß uència dels factors terrestres en aigües costaneres i fan més apressant la necessitat de comprendre 
les singularitats i el funcionament dels ecosistemes costaners.
En aquest context, la present tesi aborda la variabilitat de la comunitat planctònica en una zona litoral urbanitzada, 
posant especial èmfasi en (1) les diverses escales temporals a les quals operen els forçadors físics i els seus efectes 
sobre els organismes, (2) la divergència entre la dinàmica planctònica costanera i les variacions observades en regions 
de mar obert, (3) lheterogeneïtat de les aigües litorals, que integren diferències geomorfològiques, oceanogràÞ ques 
i dusos del territori fonamentals per entendre la resposta dels organismes davant les pertorbacions ambientals.
A grans trets, la rellevància dels patrons estacionals sexamina a través duna sèrie plurianual de mostreigs mensuals. 
A Barcelona, com en altres parts de la Mediterrània NO, sobserva un màxim anual de cloroÞ l·la entre Þ nals dhivern 
i principis de primavera. És un patró recurrent, si bé constitueix només una petita part de la variabilitat anual; duna 
banda, els valors del màxim de cloroÞ l·la oscil·len notablement dany en any; per laltre, els aportaments terrestres 
poden induir pics de cloroÞ l·la de magnitud similar durant altres èpoques de lany. La comparació amb zones 
costaneres properes, menys exposades a les pertorbacions humanes però sotmeses a condicions climatològiques 
i hidrològiques molt semblants va posar de manifest que més enllà datenuar els cicles estacionals, la ciutat 
exerceix una pressió continuada que modiÞ ca lestructura i la resposta de la comunitat planctònica. IdentiÞ quem 
dos aspectes fonamentals: el primer, la composició dels eß uents urbans, particularment rics en amoni i matèria 
orgànica; el segon, el desacoblament entre entrades de nutrients i turbulència. Ambdós factors semblen sustentar 
una comunitat de fons en la qual abunda el plàncton més petit i es manté un bucle microbià molt actiu. El ràpid 
creixement dels organismes més petits limita en darrer terme la resposta del microÞ toplàncton, la proliferació del 
qual sembla estar condicionada per la disponibilitat de nitrat i lexistència de processos de barreja. 
La inß uència de la turbulència i de la composició de nutrients, en particular de la font de nitrogen, sobre lestructura 
i la dinàmica del plàncton es va avaluar també experimentalment. Al laboratori, sota condicions controlades, és 
possible discernir més clarament els efectes de les variables dinterès; els resultats experimentals van ser consistents 
amb les observacions al mar i van subratllar la importància al litoral, no només de la càrrega de nutrients, sinó 
especialment de la seva composició relativa i de lacoblament amb episodis de turbulència.
Finalment sexaminen els efectes dun episodi intens de deposició atmosfèrica. Les entrades atmosfèriques, i en 
particular la pols sahariana, són una font de variabilitat destacada a la costa mediterrània i il·lustren un tipus 
de pertorbació ambiental discontínua. Lestudi analitza en detall laugment de nutrients a la columna daigua, la 
successió i les interaccions entre organismes i la disparitat de respostes en funció de la intensitat dels episodis.
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Resumen
Las zonas litorales juegan un papel fundamental en el funcionamiento de los ecosistemas marinos. Son áreas 
estratégicas, zonas de transición en las que conß uyen factores terrestres, atmosféricos y oceánicos y de cuya dinámica 
depende una amplia variedad de recursos naturales. A diferencia de lo que sucede en vastas regiones del océano, en 
las que los organismos del plancton exhiben ciclos estacionales recurrentes y una clara sincronía con las variaciones 
físicas, en la costa las comunidades planctónicas presentan una variabilidad temporal y espacial muy acusada. Los 
patrones estacionales no siempre son visibles y con frecuencia la dinámica de los organismos está subordinada a 
procesos locales especíÞ cos. En las últimas décadas, el aumento de la presión urbana en el litoral y el impacto cada 
vez mayor de sus poblaciones han acentuado la inß uencia de los factores terrestres en aguas costeras, y hacen más 
acuciante la necesidad de comprender las singularidades y el funcionamiento de los ecosistemas costeros. 
En este contexto, la presente tesis aborda la variabilidad de la comunidad planctónica en una zona litoral urbanizada, 
haciendo especial hincapié en (1) las diversas escalas temporales a las que operan los forzadores físicos y sus distintos 
efectos sobre los organismos, (2) la divergencia entre la dinámica planctónica costera y las variaciones observadas 
en regiones de mar abierto,  (3) la heterogeneidad de las aguas litorales, que integran diferencias geomorfológicas, 
oceanográÞ cas y de usos del territorio fundamentales para entender la respuesta de los organismos frente a las 
perturbaciones ambientales.
A grandes rasgos, la relevancia de los patrones estacionales se examina a través de una serie plurianual de muestreos 
mensuales. En Barcelona, como en otras partes del Mediterráneo NO, se observa un máximo anual de cloroÞ la 
entre Þ nales de invierno y principios de primavera. Es un patrón recurrente, si bien constituye sólo una pequeña 
parte de la variabilidad anual; por un lado, los valores del máximo de cloroÞ la oscilan notablemente de año en año; 
por el otro, los aportes terrestres pueden inducir picos de cloroÞ la de magnitud similar durante otras épocas del 
año. La comparación con zonas costeras cercanas, menos expuestas a las perturbaciones humanas pero sujetas a 
condiciones climatológicas e hidrológicas muy semejantes puso de maniÞ esto que más allá de atenuar los ciclos 
estacionales, la ciudad ejerce una presión continuada que modiÞ ca la estructura y la respuesta de la comunidad 
planctónica. IdentiÞ camos dos aspectos fundamentales: el primero, la composición de los aportes urbanos, 
particularmente ricos en amonio y materia orgánica; el segundo, el desacoplamiento entre entradas de nutrientes 
y turbulencia. Ambos factores parecen sustentar una comunidad de fondo en la que abunda el plancton más 
pequeño y se mantiene un bucle microbiano muy activo. El rápido crecimiento de los organismos más pequeños 
limita en último término la respuesta del microÞ toplancton, cuya proliferación parece estar condicionada por la 
disponibilidad de nitrato y la existencia de procesos de mezcla. 
La inß uencia de la turbulencia y de la composición de nutrientes, en particular de la fuente de nitrógeno, sobre la 
estructura y la dinámica del plancton se evaluó también experimentalmente. En el laboratorio, bajo condiciones 
controladas, es posible discernir más claramente los efectos de las variables de interés; los resultados experimentales 
fueron consistentes con las observaciones en el mar y subrayaron la importancia en el litoral, no sólo de la carga de 
nutrientes, sino especialmente de su composición relativa y del acoplamiento con episodios de turbulencia.
Por último, se examinan los efectos de un episodio intenso de deposición atmosférica. Los aportes atmosféricos, y 
en particular el polvo sahariano, son una fuente de variabilidad destacada en la costa mediterránea e ilustran un 
tipo de perturbación ambiental discontinua. El estudio analiza en detalle el aumento de nutrientes en la columna 
de agua, la sucesión y las interacciones entre organismos y la disparidad de respuestas en función de la intensidad 
de los episodios.
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Abstract
Coastal areas play a fundamental role in the functioning of marine ecosystems. These are strategic areas, transition 
zones in which terrestrial, atmospheric and oceanic factors come together and whose dynamics determines a wide 
variety of natural resources. Unlike what happens in vast regions of the ocean, where planktonic organisms exhibit 
recurring seasonal cycles and a clear synchrony with the physical forcing, coastal planktonic communities show a 
strong temporal and spatial variability. Seasonal patterns are not always visible and the dynamics of the community 
is often dependent on speciÞ c local processes. In recent decades, the step-up of urban pressure along the coast 
and the growing impact of human populations have increased the inß uence of terrestrial factors on coastal waters, 
pressing the need to understand the singularities and the functioning of coastal ecosystems.
In this context, the present thesis addresses the variability of plankton in an urbanized coastal area, placing special 
emphasis on (1) the various time scales at which physical forcing factors operate and their different effects on 
the organisms, (2) the divergence between coastal plankton dynamics and the variations observed in open ocean 
regions, (3) the heterogeneity of coastal waters, which integrate different geomorphological, oceanographic and 
land use properties that are key to understand the response of the organisms to environmental perturbations.
Broadly, the signiÞ cance of seasonal patterns is examined through a multi-year series of monthly samplings. In 
Barcelona, as in other parts of the Mediterranean, there is an annual chlorophyll maximum between late winter 
and early spring. It is a recurrent pattern, although it represents only a small fraction of the annual variability; on 
the one hand, chlorophyll maxima vary signiÞ cantly from year to year; on the other, terrestrial inputs can induce 
chlorophyll peaks of similar magnitude during other periods of the year. The comparison with nearby coastal areas, 
less exposed to human disturbances but subject to similar climatological and hydrological conditions showed 
that beyond smoothing the seasonal cycles, the city exerts a continuous pressure which modiÞ es the structure 
and the response of the planktonic community. We identiÞ ed two key aspects: Þ rst, the composition of urban 
inß ows, particularly enriched in ammonia and organic matter; second, the decoupling between nutrient inputs 
and turbulence. Both factors seem to sustain a background community where the smallest plankton abounds and 
the microbial loop is kept very active. Ultimately, the fast growth of small planktonic organisms limits the response 
of microphytoplankton, whose proliferation appears to be strongly inß uenced by the availability of nitrate and the 
concurrence with mixing processes.
The inß uence of turbulence and the composition of nutrients, particularly the nitrogen source, on the structure 
and dynamics of plankton was also assessed experimentally. In the laboratory, under controlled conditions, it is 
possible to distinguish more clearly the effects of speciÞ c factors; the experimental results were consistent with the 
observations at sea and stressed the importance on the coast, not only of nutrient loads, but especially of its relative 
composition and the coupling with turbulence.
Finally, we examine the effects of an intense episode of atmospheric deposition. Atmospheric inputs, in particular 
Saharan dust, are a prominent source of variability in the Mediterranean coast. The study analyzes in detail the 
increase of nutrients in the water column, the sequence and interactions among organisms and the differences in 
the biological response depending on the severity of the episodes.
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List of the most common abbreviations and acronyms used in the thesis:
ANF:  Autotrophic nanoß agellates
AutB:  Autotrophic biomass 
Chl:  Chlorophyll a
CTD:  Conductivity, temperature and depth sensors
DOC:  Dissolved organic carbon
DOM:  Dissolved organic matter
DON:  Dissolved organic nitrogen
DOP:  Dissolved organic phosphorus
HNF:  Heterotrophic nanoß agellates
H
sig
:  SigniÞ cant wave height
PAR:  Photosynthetic available radiation
POC:  Particulate organic carbon
POM:  Particulate organic matter
PON:  Particulate organic nitrogen
POP:  Particulate organic phosphorus
Proch: Prochlorococcus sp. 
Sal:  Salinity
Syne: Synechococcus sp.
TB:  Total biomass
Temp:  Temperature
TN:  Total nitrogen
TOC:  Total organic carbon
TP:  Total phosphorus
Wd:  Wind direction
Ws:  Wind speed
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The ocean as a dynamic ecosystem
Blazing the trail: the Þ rst approaches
The oceans play a relevant role in the functioning of the planet. Ocean waters cover some 71% of the Earths 
surface, and large-scale ocean circulation is a major regulator of the Earths climatic system. Broadly 
speaking, global circulation patterns are triggered by thermohaline gradients, that is, density gradients 
created by differential surface heat and freshwater ß uxes. Thermohaline circulation distributes heat and 
chemical elements across the entire globe, thus exerting a key inß uence on many biogeochemical cycles.  
Aside from these fundamental physical processes, the oceans harbor a tremendous diversity of marine 
organisms. The ubiquitous multitude of tiny drifting organisms of the sea was Þ rst studied in mid XIX 
century by J. Müller, and in 1887 the term plankton was coined by V. Hensen to refer to this community. 
The discovery of plankton was a major step in the understanding of the sea, for it is the proliÞ c production 
of this community of organisms that supports the larger forms of life and that is responsible for variations 
in the distribution of certain chemical elements in the sea.
The ocean must be viewed as a particular environment that for the most part is in constant motion, with 
both regular and irregular patterns of ß ow (Sverdrup et al. 1942). This implies, of course, that planktonic 
organisms are inherently exposed to varying hydrodynamic conditions. Further, if we consider the ocean 
in its entirety as an ecosystem, we must remark that it encompasses a wide spectrum of living conditions. 
Organisms can experience light intensities which range from bright sunlight at the surface to absolute 
darkness in the deeper layers, temperatures can go from 30ºC to freezing point, and salinity may vary 
from the low values of estuarian waters to concentrations over 37 in the open sea. Enormous as this 
variability may be, however, rather uniform conditions prevail over extensive oceanic areas and allow many 
organisms to be Þ nely tuned to speciÞ c, stable environments. Conversely, constancy is seldom the rule in 
certain regions, especially close to the coast, where a wide range of conditions and rapid environmental 
transitions may be encountered within rather small spatial areas. 
Important aspects of the coupling between the physics, the chemistry and the biology of the oceans were 
already devised in the early decades of the XX century, as illustrated by Sverdrup and colleagues in their 
book The Oceans (1942). Notwithstanding, numerous inß uential concepts emerged in the following years 
which have set the path for most of todays oceanographic research. In ecology, Odums holistic deÞ nition 
of ecosystems (Odum 1953) coupled with the concepts of ecological niche and competitive exclusion 
(Hardin 1960), and particularly the works of Hutchinson and Lindeman with freshwater communities 
provided a suitable theoretical framework for the understanding of the structure and dynamics of marine 
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planktonic communities. In a stimulating paper in 1961, Hutchinson formulated his Paradox of the 
plankton, i.e., the apparent contradiction between the competitive exclusion principle and the diversity of 
planktonic organisms. SpeciÞ cally, Hutchinson claimed that high diversity of plankton at all phylogenetic 
levels stands in contrast to the limited range of resources for which they compete with one another. The 
paradox spurred a vast number of studies aiming to elucidate the biological properties and/or the physical 
mechanisms underlying the rich biological diversity in the sea. Subsequent theories, particularly those 
dealing with community ecology and the range of life strategies present in ecosystems (e.g., the concept 
of the r/K strategy by McArthur & Wilson, 1967) contributed to clarify the links and roles of the different 
groups of plankton. 
In parallel to the emergence of these ecological insights, outstanding Þ ndings concerning the chemistry 
and the physics of the oceans helped to characterise the functioning of the overall system. In 1958, the 
american oceanographer Alfred RedÞ eld ascertained the global consistency in the elemental composition 
of marine organisms and ocean water masses, and inferred an average elemental ratio (the so-called 
RedÞ eld ratio) extensively used ever since to characterise the optimal conditions for biological growth. In 
turn, authors like Sverdrup, Stommel or Munk provided accurate descriptions of the physical processes 
involved in the ocean circulation, and underscored the importance of physics, like mixing processes, for 
the development of plankton populations. 
Much progress has been done since then, and regular patterns of plankton dynamics in relation to 
oceanographic features have been well-established (Sverdrup 1953 and 1955, Margalef et al. 1978, 
Longhurst 2007), yet our present knowledge on the dynamics of the ocean is still fragmentary. A large part 
of this uncertainty stems from the intricacy of planktonic food webs and the complexity of biological roles 
and interactions. New techniques have allowed the discovery of unexpectedly abundant individuals (e.g. 
Not et al. 2004, Zhu et al. 2005, Johnson et al. 2006), unforeseen biological interplays (Millard et al. 2004) 
and complex metabolic pathways (Sharma et al. 2006, DeLong & Karl 2005, Thompson et al. 2005), and 
the more we advance knowledge, the more we reassert the large complexity of marine ecosystems. In the 
next section we shall brieß y review some of the fundamental aspects of marine planktonic food webs. 
Life within the oceans: the planktonic food web
The term plankton refers to all the drifting life of the pelagic division of the sea. The size range of plankton 
spans several orders of magnitude, from less than 1 micrometer to a few centimeters, though most 
organisms are microscopic. Plankton are primarily divided into three major functional groups: phyto-, 
zoo- and bacterioplankton. Broadly, phytoplankton comprise autotrophic organisms carrying out oxygenic 
photosynthesis; zooplankton consist of heterotrophic organisms, feeding either on phytoplankton or on 
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other members of the zooplankton; the bacterioplankton is composed of prokaryotic organisms, most of 
them heterotrophs feeding on dissolved organic matter and thus, playing a key role as remineralizers; 
additionally, bacterioplankton includes phototrophic prokaryotes also comprised in the group of 
phytoplankton. 
Such functional division Þ ts fairly well with the classical model of trophic modes and life strategies, i.e. 
plants, animals and decomposers (e.g. Steele 1970), but has been seriously challenged in recent decades, 
particularly with regard to the roles of bacterioplankton. In 1974, Pomeroy noted that the role of microbes 
was far more diverse and important than had been previously realized, and suggested that the old 
paradigm was no longer valid. Since Pomeroys landmark paper (1974), there has been a wealth of studies 
examining the metabolic diversity of bacterioplankton and the complexities of their interactions with the 
rest of organisms within the marine food web. Cole et al. (1988) estimated that bacterial heterotrophic 
production constitutes 20-30% of primary production, and therefore, that a substantial portion of the 
carbon ß ux in the oceans is transferred through bacterioplankton. In turn, bacteria can be intensely grazed 
by ciliates and ß agellates (e.g. Sherr & Sherr 1984 and 1987, McManus & Ederington-Cantrell 1992) and 
even by crustacean zooplankton (Pedrós-Alió & Brock 1983), eventually reentering the planktonic food 
web. This particular trophic pathway, the microbial loop (after Azam et al. 1983), dissolves the traditional 
distinction between herbivores and detritivores, and demonstrates that decomposition/remineralization 
may not be the only, neither the most important, role of bacteria in the plankton. 
The complexity of the trophic structure in the ocean is sketched in Fig. 1. The presence of loops and 
branches makes trophic levels difÞ cult to deÞ ne in marine ecosystems. Brieß y, phytoplankton organisms 
are at the base of the food web. In the presence of light, phytoplankton (i.e. primary producers) are capable 
of converting inorganic material to organic material, thus making it available to other groups as particulate 
food. A fraction of the organic matter that is synthesized by primary producers becomes dissolved organic 
matter (DOM) and is taken up by bacteria. Bacteria respire most of the DOM to carbon dioxide, but a 
fraction is assimilated for growth and hence re-introduced into the food chain. Phytoplankton and bacteria 
are grazed by protozoans and metazoans, which are in turn harvested by larger organisms such as larval 
forms of many Þ sh and crustaceans. By-products of feeding due to incomplete ingestion by protozoans, cell 
lysis induced by virus infections, or diffusion of solids from copepod faecal pellets may release inorganic 
nutrients and labile dissolved organic matter, and hence constitute a feedback that can fuel phytoplankton 
and/or bacterial growth.
The transfer of matter and energy between organisms can therefore follow two major pathways: the 
microbial food web ([1] Fig. 1) is based on the assimilation of DOM by bacterioplankton and directly supports 
the production of protozoan communities, which are then grazed by larger zooplankton; the classical 
metazoan food chain ([2] Fig. 1) is based on the direct consumption of phytoplanktonic organisms. Both 
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pathways are important and closely interrelated, as shown by the numerous connecting arrows in Fig. 1. 
Indeed, the view of two distinct pathways is a simpliÞ cation and numerous intermediate situations may be 
found -a trophic continuum, in the words of Legendre & Rassoulzadegan (1995). In any case, whether the 
ß ux of carbon is mostly dominated by one pathway or the other is important in terms of trophic efÞ ciency, 
because the larger the number of transfers between consumers, the less efÞ cient the system is (Pomeroy 
& Wiebe 1988). Besides, substantial differences in biogeochemical cycles are linked to the dominance of 
the phytoplankton-metazoan chain or the microbial loop, mainly due to speciÞ c nutrient requirements 
within each group (silicate uptake, for instance, is only carried out by diatoms and silicoß agellates) and 
to changes in the strength of the biological pump (maximum efÞ ciency in the removal and transport of 
chemical elements to the deep ocean is achieved with large-sized phytoplankton, Chisholm 2000). 
In addition to the large number of interactions among groups, our understanding on the functioning of 
marine systems is entangled by the multiplicity of metabolic functions within speciÞ c groups of plankton. 
Unlike in most terrestrial ecosystems, many organisms in the marine food web have more than one 
metabolic mode, i.e., under certain environmental conditions they may use different energy (chemo- vs 
phototroph) and carbon (auto- vs heterotroph) sources. In this regard, the metabolic diversity of bacteria 
is long-known (see review on bacterial mixotrophy by Eiler 2006), but frequent shifts between auto- and 
heterotrophy have also been reported for microeukaryotes (e.g. Stoecker et al. 1987, Porter 1988, Stoecker 
1998). Finally, new exploratory techniques and advanced molecular tools have highlighted the fact that 
the ocean shelters a variety of life-forms whose function and exact ecological role is yet to be determined. 
Thorough reviews of recent outstanding Þ ndings can be found, for instance, in Karl (2007) or Fuhrman 
(2009). Although most of these studies have furnished new promising insights, as stated by Fuhrman 
(2009): full understanding of the implications on the whole marine ecosystem calls for much better 
knowledge than we have today about biological processes and interactions.
Fig. 1. Schematic 
illustration of the 
marine microbial food 
web and some of the 
biogeochemical ß uxes 
involved (from Azam 
& Malfatti 2007).
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Coupling between physico-chemical parameters
and biological shifts
Main determinants of phytoplankton primary production
Although many aspects are still unknown about the functional and biological diversity of organisms in the 
sea, the main mechanisms that determine large seasonal and spatial biological patterns are well-founded. 
Broadly, phytoplankton growth depends upon two major factors: light and mineral nutrients. This restricts 
the activity of primary producers to the upper layers of the sea (the euphotic zone, Fig. 1), where there is 
adequate light for them to carry on photosynthesis. However, particulate matter, either living or dead, 
tends to sink, and consequently there is a continuous downward transport of elements away from the 
surface, and a progressive enrichment of deeper waters. The depletion of nutrients from the surface is 
partly offset by precipitation, atmospheric inputs and river discharge, but the supply of essential elements 
to the euphotic zone mainly relies on processes of vertical diffusion, convection overturn and upwelling of 
nutrient-rich, deeper waters. Phytoplankton growth is therefore tightly controlled by vertical processes: in 
regions where the vertical exchange is active, there is a plentiful supply of nutrients and surface waters can 
support very large populations. Likewise, the enhancement of vertical movements during certain periods 
of the year explains seasonal trends in phytoplankton emergence. 
The equilibrium between light and nutrient supply and the outcome of water movements (either vertical 
or horizontal) has, nonetheless, Þ ner details. Beyond the upward ß ux of nutrients from bottom layers 
induced by vertical mixing, Sverdrup (1953) noticed that the intensity of turbulence and the thickness 
of the mixed layer was central to the success of the organisms. Mixing provides nutrients from deeper 
waters, but it also transports the cells away from the well-lit surface, thus reducing the amount of light 
that they receive. Accordingly, Sverdrup deÞ ned a critical depth below which turbulence withdraws the 
cells to suboptimal light conditions, slows phytoplankton growth, and primary production is exceeded 
by respiration. As a general rule, then, for phytoplankton blooms to occur the mixed layer depth shall 
be smaller than the critical depth value. Sverdrups Critical Depth Hypothesis has been a cornerstone in 
plankton ecology, yet his fundamental tenet was recently challenged by Behrenfeld (2010). In particular, 
Behrenfeld questions the assumption that blooms are caused by enhanced phytoplankton growth rates 
in response to improved light, and emphasizes instead the crucial role of mixing on the balance between 
phytoplankton growth and grazing.
The signiÞ cance of water motion for phytoplankton dynamics was further explored by Margalef. Margalef 
(1978) argued that water movements control many characteristics of phytoplankton communities, and 
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pointed out that several morphological, mechanical and physiological properties of the cells are the result 
of the adaptation of organisms to turbulence and nutrient availability. On the basis of these two factors 
(i.e., turbulence and nutrient supply), Margalef constructed an illustrative plot where he described a 
sequence of life-forms corresponding to different combinations of turbulence and nutrient concentrations 
(Margalefs mandala, Fig. 2). The succession of these life-forms wisely merged ideas on the importance of 
size and shape in relation with sinking and with the absorption of nutrients (Munk & Riley 1952, Denman 
& Platt 1976), some basic principles of population dynamics (e.g. r vs K strategy) and previous studies 
on the distribution of phytoplankton species with regard to nutrient concentrations (e.g. Margalef 1969, 
Margalef 1974a, Eppley et al. 1970). 
According to Margalefs model, diatoms dominate under turbulent, nutrient-rich environments (the 
upper right corner), whilst small dinoß agellates build up large populations in stratiÞ ed, oligotrophic 
waters. The void on the lower right represents the pair high turbulence - low nutrients and corresponds 
to a limiting situation, since production is minimal and populations are subject to strong dispersal. It may 
occur, for instance, during periods when the mixing depth is thicker than the critical depth. The upper left 
corner, with low water movements and large nutrient concentrations is seldom found in the open ocean, 
and rather typiÞ es coastal conditions with large inß ows from the land. Under those anomalous conditions, 
swimming forms of dinoß agellates (often associated with red tides) may emerge. 
The brilliance of the mandala lies within the fact that it summarizes fundamental aspects of 
phytoplankton ecology in a single, simple plot. It provides a valuable general framework for studies on 
the interaction between physico-chemical factors and biological properties, and has been extensively used 
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to explain shifts in the dominant forms of phytoplankton as a response to changes in nutrient load or 
hydrodynamic conditions (e.g. recently, Nogueira et al. 2000, Tett et al. 2008). Nevertheless, Margalefs 
mandala might be revisited in the coming years in the light of new Þ ndings concerning the abundance and 
distribution of the smallest components of the phytoplankton (e.g. Worden et al. 2004, Vaulot et al. 2008, 
Worden & Not 2008).
Temporal dynamics of plankton: the seasonal cycles
Certainly, the effects of physico-chemical factors on planktonic organisms are not restricted to the above 
depicted patterns, but understanding the direct link between environmental forcing and phytoplankton is 
critical, because phytoplankton production supports both production at higher trophic levels and microbial 
communities of viruses, bacteria and protozoa (Azam 1998). 
General, predictable patterns of phytoplankton in response to the physical conditions are also very 
helpful to deÞ ne some basic features of the temporal and spatial variability of planktonic communities, such 
as recurrent seasonal cycles. In temperate regions, the annual cycle of phytoplankton biomass is typically 
dominated by a winter-spring phytoplankton bloom and, to a lesser extent, a secondary production peak 
in autumn (Cushing 1959, Smayda 1973, Colebrook 1979). A series of overlying factors are recognized as 
important in controlling the onset and demise of production peaks: light, temperature, nutrient supply, 
and grazing (Riley 1967, Smayda 1973, Hitchcock & Smayda 1977, Townsend & Spinrad 1986). 
A rough model of the annual cycle in temperate regions would be as follows (Fig. 3, and Margalef 1974b, 
Sommer 1989, Longhurst 1995):
(1) Rising temperatures towards the end of winter favour early water column stability and some 
shoaling of the mixed layer, so a rapid pulse of chlorophyll can develop fuelled by increased light and 
accumulated winter nutrients. Fast-growing, ß at cells, such as small ß agellates (Cryptomonas) and centric 
diatoms (e.g. some species of Chaetoceros, Skeletonema, Thalassiosira) tend to lead the succession, and 
are subsequently replaced by larger diatoms (e.g. Chaetoceros, Asterionella, Thalassionema). 
(2) The progressive exhaustion of nutrients and the intense grazing pressure by herbivorous zooplankton 
restrain the growth of the cells and thrust the decay of the bloom. Many algal cells are cropped or else 
sink to the seabed, leading to a phase where other groups, more adapted to low nutrient concentrations, 
dominate the community (e.g. Rhizosolenia, Nitzschia, small dinoß agellates). 
(3) Strong stratiÞ cation of the water column during summer months prevents nutrient inß ows from 
deeper layers, and the period is associated with relatively low productivity. Small phytoplankton cells, 
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well adapted to high radiation and oligotrophic environments become then abundant (picophytoplankton, 
cyanobacteria, coccolithophores). Together with small phytoplankton, slow-growing heterotrophic 
dinoß agellates (e.g. Ceratium) are often found. Indeed, the growth of organisms at this time of the year 
is primarily sustained by regenerated nutrients; the microbial loop tends to be very active and planktonic 
communities function as a well-oiled mechanism, with rapid nutrient recycling and a close coupling 
between autotrophic and heterotrophic components.
(4) In autumn, gradual cooling of the water causes the breakdown of stratiÞ cation, resulting in nutrient 
replenishment of surface layers. New nutrients induce phytoplankton growth, but reduced light conditions 
limit the production peak, which is anyhow lower than that at the end of winter.
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annual chlorophyll cycle in 
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from the Continuous Plankton 
Recorder for a sampling station 
(D3) in the North Atlantic 
(modiÞ ed from Colebrook 
1979); Þ lled circles represent 
phytoplankton abundance 
(arbitrary units). (b) Seasonal 
cycle in Blanes Bay, NW 
Mediterranean (modiÞ ed 
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In the Mediterranean, an annual succession of phytoplankton was described by Margalef (1974b). A 
detailed planktonic succession for temperate freshwater lakes was also exposed by Sommer et al. (1986) 
in the Plankton Ecology Group (PEG) model. These authors proposed a 24-step sequence where physical 
phenomena initiate major biological changes, and combined top-down (predation pressure) and bottom-
up (resource competition) interactions determine the progress of the community within each stage. 
However, while useful to recognize the timing and cross-effects of physical and biological drivers, the PEG 
model is not always applicable to marine systems, because hydrodynamics and circulation patterns in the 
sea are complex and rather unpredictable as compared to most inland lakes.
The importance of seasonal patterns in characterising marine ecosystems was demonstrated by 
Longhurst (1995). Longhurst compiled long-term data for several environmental variables (mainly nutrient 
supply, illumination, water-column stability, ocean currents and surface chlorophyll) across the global 
ocean. On the basis of the physical properties and the characteristic annual cycles, he split the oceans 
into 4 ecological domains and about Þ fty biogeochemical provinces. Once partitioned, for each of these 
oceanic compartments the author inferred a characteristic seasonal cycle of production and consumption, 
and grouped these cycles into eight different models. This categorization of the ocean in different regions, 
not only taking into account ordinary environmental factors but also integrating their annual dynamics, 
has proved very valuable for studies of plankton ecology, because often similarities or differences among 
oceanic ecosystems are more related to temporal shifts rather than to the presence or absence of speciÞ c 
planktonic groups or prevailing physical conditions. 
Spatial variability
Coastal areas versus open ocean ecosystems
A general picture of long-term average dynamics such as that exposed by Longhurst (1995) is, beyond 
any doubt, a valuable knowledge, but one must note that Longhurst categories smooth out much of the 
variability of marine systems, and thus they only provide a background scenario on which numerous 
smaller scale processes superimpose. Fluctuating environmental conditions induce transient deviations 
from the general trends which may be as important as seasonal patterns in characterising the community. 
Obviously, the importance of eventual deviations depends on the frequency, the intensity and the duration 
of disturbances, but in many places their magnitude can be comparable to average intra-annual variability 
(Duarte et al. 1999, Guadayol et al. 2009).
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Coastal regions are particularly interesting with regard to the spatial and temporal variability of 
environmental conditions. As stated by Cloern (1996), coastal ecosystems constitute transition zones at 
the land-sea interface, so they are inß uenced both by terrestrial processes and exchanges with offshore 
waters. In addition, as a result of the increasing human settlement along the continental margins, coastal 
waters are subject to severe anthropogenic disruptions, including inputs of wastes and toxic pollutants 
(Savage et al. 2002, Di Leonardo et al. 2007, Torres et al. 2008), damming and manipulation of river ß ows 
(Guillén & Palanques 1992, Humborg et al. 1997, Syvitski et al. 2005) or introduction of exotic species 
(Carlton & Geller 1993). 
The differential features of coastal ecosystems with regard to the open ocean were summarized by 
Cloern (1996) in Þ ve main points: 
1. Coastal ecosystems are inß uenced by inputs from the land and exchanges with open ocean waters. 
Connections to the land surface are made through rivers and small streams, unevenly distributed across 
the territory, that carry runoff from the local watershed or from large-scale catchments. Riverine inputs 
are sources of fresh water, organic and inorganic nutrients and sediments, that together create a unique 
environment for the growth of planktonic communities. These speciÞ c habitats close to the river mouth are 
characterised by large spatial gradients along the river-ocean continuum.
2. Many coastal areas are shallow, which means that exchanges between the sediment surface and the 
water column by sedimentation and resuspension can be rapid. Shallowness also favours a strong benthic-
pelagic coupling. 
3. River-inß uenced coastal ecosystems are very different physical environments from the open ocean. 
For example, turbulent mixing is a key physical process that determines the vertical ß uxes of heat, salt, 
nutrients and plankton. Vertical mixing in the open ocean is regulated by the seasonal cycle of heat input 
and thermal stratiÞ cation. However, in marine regions of freshwater inß uence, vertical mixing is regulated 
by a larger and more variable source of buoyancy, the riverine input of fresh water that acts to stabilize the 
water column through salinity stratiÞ cation.
4. As a result of sediment inputs by river runoff and resuspension of particles off the bottom by tidal 
and wind wave currents, coastal areas are particle-rich relative to the open ocean. Suspended particles 
absorb and scatter light, so during episodes of increased turbidity, phytoplankton growth can be limited by 
the availability of sunlight to sustain photosynthesis. Moreover, particles are involved in the adsorption of 
many chemical elements and organic compounds, thus affecting the availability of nutrients. 
5. Many coastal areas are nutrient-rich because of inputs from the land surface. Therefore the potential 
for phytoplankton production can be much higher than in most regions of the ocean, and the planktonic 
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biomass ß uctuations may be highly ampliÞ ed. 
From the above remarks, we might conclude that the conceptual models of pelagic oceanography 
commonly applied to the open ocean are not always appropriate to understand plankton dynamics in 
the coastal zone, where large variability at both short time scales and small spatial scales can overshadow 
larger-scale, more predictable variations. 
Sources of variability in coastal ecosystems
What are the main environmental stressors affecting plankton dynamics in coastal areas? Although special 
attention should be placed upon speciÞ c local features, we can roughly divide the main stressors operating 
in coastal regions into a few categories: (a) meteorological issues, including local wind events, rainfall and 
atmospheric dry deposition (e.g. particles of dust or black carbon); (b) rapid shifts in water circulation 
and mixing, such as those induced by tides and coastal currents; (c) freshwater inputs from rivers, small 
streams or urban sewer outß ows. 
Note that some of these factors also operate in the open ocean, albeit their frequency and intensity may be 
substantially different than in coastal regions. Besides, all three types of forcing are closely interrelated and 
their effects on the community can not always be discerned. For instance, storms are usually accompanied 
by wind events, increased turbulence and rainfall, which eventually results in large river ß ushes and spills 
from urban sewer pipes. Nonetheless, forcing factors can be also found as isolated stressors and thus 
induce distinct responses on the organisms. In accordance with Margalefs premises, a large part of the 
variability introduced by environmental drivers is directly related to shifts in the pool of nutrients and/or 
changes in water movements. We shall examine a few illustrative examples. 
Land-derived atmospheric deposition. Within the meteorological phenomena, atmospheric deposition, 
either wet or dry, has been found to affect plankton growth in many regions of the coastal ocean. Both 
rainfall and dry deposition are irregular in time and space, as they mostly depend on variable wind 
circulation patterns, but they can be particularly intense close to urban areas, because trafÞ c pollution and 
industrial activities are major sources of aerosols and particles (Galloway 1994). Continental dust is also 
an important component of atmospheric deposition in nearshore waters. Due to the wide range of sources 
and the diverse photochemical processes that take place in the atmosphere, the chemical composition of 
atmospheric inputs can be rather variable. Accordingly, the effect on planktonic communities may be related 
to diverse chemical elements. Paerl (Paerl 1985, Paerl et al. 1990) found that direct inputs of inorganic N 
from rainfall supported episodic phytoplankton blooms in the coast of North Carolina (Atlantic Ocean), 
and some stimulation of autotrophic and heterotrophic organisms was reported by Seitzinger & Sanders 
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(1999) following organic N inputs from rainwater. On the other hand, in the eastern Mediterranean, where 
phosphorus is claimed to be the main limiting nutrient for planktonic growth (Krom et al. 1991, Thingstad 
et al. 2005), atmospheric dust has been shown to relieve organisms P-limitation, and both bacterial and 
phytoplankton production increased after the addition of dust particles (e.g. Herut et al. 2005).  
Wind stress and resuspension in shallow coastal waters. Other meteorological forcing such as strong 
winds can foster ß uctuations of plankton biomass through increased turbulence and water column 
mixing. Tett & Grenz (1994) showed that short-term ß uctuations of phytoplankton were caused by 
resuspension of bottom sediments and decreased light availability during wind events. Likewise, Grémare 
et al. (2003) reported higher bacterial biomass and changes in the distribution of plant pigments after a 
sediment resuspension event caused by intense winds and rough seas in the bay of Banyuls-sur-Mer (NW 
Mediterranean coast). 
Tides. The neap-spring tidal cycle leads to regular periods of increased mixing in many coastal 
locations, causing changes in light and nutrient availability which may affect planktonic growth. Thus, the 
deepening/shallowing of the mixing layer during tidal cycles induces changes in light conditions directly 
related to phytoplankton biomass in the eutrophic waters of San Francisco Bay (Alpine & Cloern 1988). 
Tidal currents and coastal circulation patterns may also cause disruptions through the direct advection 
of cells in and out of bays and estuaries. Several studies have shown, for instance, that the accumulation 
of cells by shoreward currents can spark harmful algal blooms (Franks 1992, Hetland & Campbell 2007, 
Stumpf et al. 2008), while effective dispersion of populations happens during prevailing outward/offshore 
conditions (Tester & Steidinger 1997).
Freshwater in  ¯ows. Inputs of freshwater are among the major physical drivers of coastal dynamics. 
Freshwater ß uxes are primarily due to river discharge, and hence they often display a seasonal signal: 
maximum river ß ow during the wet season, low river ß ow during the dry period. Fig. 4a shows a typical 
annual record for the Ebro River, one of the largest streams in the NW Mediterranean basin. Note that river 
ß ow peaks from late autumn to spring, coinciding with the maximal precipitation periods in the region 
(Martin-Vide 1982, Sumner et al. 2001) and the spring thaw. Together with rivers, freshwater ß ushes from 
small streams and urban outß ows may be locally important. Unlike river inputs, runoff from rivulets and 
urban pipes tends to show irregular annual patterns, as it is generally driven by episodic rainstorms. Fig. 
4d displays daily ß ow records for a smaller stream (La Tordera) in the western Mediterranean coast. In 
some years, the stream is dry or very low during most part of the year, but large runoff is recorded after 
extreme rainfall events in the area. 
Freshwater inputs inß uence the community through several processes. First, freshwater is a source of 
buoyancy that can alter vertical density gradients and generate persistent vertical stratiÞ cation in the water 
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column. Second, land-derived fresh water carries inorganic and organic compounds which can trigger 
or inhibit organisms growth; the relative composition of terrestrial inputs may favour the dominance of 
speciÞ c groups of plankton and thus support shifts in the community structure. Third, river discharge 
can alter circulation patterns in the waters close to the river mouth, transporting plankton populations 
away from their source areas. Finally, suspended matter within river plumes can enhance water turbidity, 
impairing phytoplankton growth, and change sedimentation rates in nearshore waters. 
There is abundant literature on the effects induced by each of these processes. Vertical density 
stratiÞ cation can trap planktonic cells within a well-illuminated surface layer, and as a result of increased 
mean irradiance, the net growth rate of phytoplankton increases (Pennock 1985). In turn, stratiÞ cation 
limits the vertical ß ux of organisms from the water column to the sediment, reducing the rate of benthic 
grazing (Koseff et al. 1993) and potentially allowing surface blooms to last longer. 
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Fig. 4. (a) Average ß ow of the Ebro River for the period 2001-2005 and (b) daily values for the same 
period; (c) Average ß ow of La Tordera River for the period 2001-2010 and (d) daily records for the same 
period. Black lines in a, c represent the average river ß ow, and grey lines stand for the standard error. Data 
for La Tordera River was kindly provided by the Agència Catalana de lAigua (www.gencat.cat/aca), and the 
Ebro River ß ow was provided by the Confederación HidrográÞ ca del Ebro (www.chebro.es).
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Further, the direct supply of nutrients by rivers entails rapid biological responses. In the oligotrophic 
Mediterranean, nutrients delivered by the Rhone river sustain the productivity of a large part of the Gulf 
of Lions (Minas & Minas 1989, Woorward 1990), and a signiÞ cant enhancement of primary production 
has been observed in other regions (e.g. Malone et al. 1988, Lohrenz et al. 1990, Guadayol et al. 2009). 
Additionally, river inputs can stimulate bacterial activity, in particular when fresh waters are rich in 
dissolved organic matter (Kirchman et al. 1989, Naudin et al. 2001). Runoff produced in local watersheds 
during storms may also lead to short-term blooms of phytoplankton (Gallegos et al. 1992), but the outcome 
of these ephemeral inß ows is strongly dependent on the concomitant light attenuation, because the rapid 
ß ow of small streams sweeps away high loads of suspended sediments (Arnau et al. 2004).
An excellent example on how these multiple effects may combine to drive changes in plankton 
community structure and dynamics is described in Naudin et al. (2001). These authors found that abrupt 
gradients in physico-chemical conditions occurred within small spatial scales off the Rhone river mouth 
(NW Mediterranean). Mixing of the river plume with the marine underlying water induced rapid shifts 
in salinity, nutrients, dissolved organic carbon and particulate compounds, which eventually affected 
bacterial production and pigments distribution. At low salinity range, phytoplankton response was very 
limited, but some bacterial production was supported by phosphate, ammonium and likely dissolved 
organic nitrogen. Dissolved organic carbon issued from cell lysis by osmotic shock could have further 
boosted bacterial growth under these conditions. At higher salinity range, both phosphate and ammonium 
were rapidly exhausted by bacteria and phytoplankton, while uptake of nitrate and silicate was slower and 
mostly attributed to large phytoplankton cells. Different microbial groups were thus coupled to the nutrient 
and salinity gradients, again illustrating the wide biological variability present in coastal ecosystems. 
Interestingly, Naudin et al. (2001) observed that the potential effects of the river ß ush on the community 
could be further modiÞ ed by the meteorological conditions. In windless conditions, the sharp density 
gradient between marine and river water limited nutrient exchange, and thus little biological activity was 
observed. When moderate mixing occurred, a balance was reached between salinity tolerance and nutrient 
availability to form a favourable zone for marine plankton development. Under strong wind events and 
high turbulence, the freshwater plume was rapidly mixed with the surrounding waters and most planktonic 
organisms were not able to respond. 
Further anthropogenic disturbances
On top of their large natural variability, coastal ecosystems are inß uenced by diverse human activities. 
Human impacts on the marine environment are widespread, and their identiÞ cation and assessment 
is often a challenge because aside from manifest direct disruptions (e.g. habitat loss, input of toxic 
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contaminants, introduction of exotic invasive species), subtle human perturbations tend to be interwoven 
into many different ecosystem processes. 
In this regard, low-intensity, continuous anthropogenic pressures are of major concern, for they 
may induce progressive changes of great inß uence for the long-term functioning of marine systems. 
Eutrophication is a good example of the negative outcome of continuous human forcing. Coastal 
eutrophication is often brought forth by river inputs. Rivers are a natural vector of nutrients to coastal 
waters, but their fertilizing potential has dramatically increased in the last decades as a consequence of 
human settlements within the watershed areas. Sustained nutrient overload due to wastewaters from 
human activities can result in a series of undesirable effects. Nutrients spur the growth of phytoplankton, 
and excessive growth of plankton algae increases the amount of organic matter settling to the bottom 
(Jørgensen & Richardson 1996, Cloern 2001). In turn, high concentrations of organic matter increase 
oxygen consumption, so in areas with stratiÞ ed water masses, this can lead to oxygen depletion of bottom 
waters and drive drastic changes in community structure or death of the benthic fauna (Diaz & Rosenberg 
2008). The overall process can be enhanced by changes in the phytoplankton species and functioning of 
the pelagic food web: stimulating the growth of ß agellates rather than diatoms, for instance, can alter the 
sedimentation of organic carbon due to indirect shifts in grazing and trophic structure (OfÞ cer & Ryther 
1980, Turner et al. 1998). Sustained nutrient inputs can also promote the risk of harmful algal blooms that 
cause discoloration of the water, foam formation, death of Þ sh and benthic fauna, or shellÞ sh poisoning of 
humans (e.g. Montresor & Smetacek 2001).
Remarkably, in many coastal sites eutrophication impacts are not only related to nutrient overload, but 
also to changes in the relative nutrient composition. Runoff from agricultural land, cattle farming or wastes 
from domestic and industrial activities are usually enriched in nitrogen and phosphorus, while the supply 
of silicate is very reduced. Although sediment transport by rivers may partially offset this asymmetry, the 
N:P:Si ratio of freshwater inputs can be largely unbalanced with regard to the standard RedÞ eld values. 
Persistent nutrient imbalances force changes in the structure and functioning of planktonic assemblages: 
silicate is mainly used by diatoms, so when silicate concentrations are low, diatoms are substituted by 
other autotrophic organisms such as ß agellates or dinoß agellates (OfÞ cer & Ryther 1980, Tilman et al. 
1986, Smayda 1990, Conley et al. 1993). The loss of diatoms has a profound effect on energy ß ow through 
the food web, as diatoms are relatively high in food quality (Turner et al. 1998). In the German Bight, 
for instance, large-scale shifts in the phytoplanktonic community have been attributed to the progressive 
impoverishment of silicate (Radach et al. 1990).
In the same context, since mid-1980s growing concern about eutrophication issues in many european 
countries has urged the reduction of phosphorus inputs through improved sewage treatments and the use 
of phosphate-free detergents (EEA 2001). The nitrogen load from point sources has also been reduced, 
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but in some areas no evident decrease from agriculture as the main diffuse nitrogen source has occurred. 
Such uneven reduction trends have led to relative surpluses of N and P, and varying N:P ratios. Again, 
varying stoichiometric ratios may lead to changes in community composition, since different groups of 
phytoplankton have different nutrient afÞ nities and cellular demands (Roelke et al. 1997 and references 
therein): when N:P is high and silica is available, diatoms are favoured, while high N:P ratios and low 
silicate concentrations tend to favour green algae. With excess P and low N:P values, cyanobacteria and 
dinoß agellates may dominate the community (Glibert & Pitcher 2001, Cugier et al. 2005). Further insights 
on how relative nutrient concentrations may determine the dominant phytoplankton species were explored 
by various authors as part of the Equilibrium Resource Competition (ERC) theory (Tilman 1982, Schindler 
1985). 
In parallel with long-term effects of eutrophication, extensive human intervention in the coastline 
throughout the last decades has gradually altered nearshore water movements and coastal circulation 
patterns. The construction of bays and sheltered harbours, for example, has modiÞ ed the physical 
boundaries of the littoral, slowing water motion and favouring the appearance of regions of restricted 
water exchange. Sheltered areas with low turbulence, slow water renewal and long residence times foster 
the emergence of harmful algal species (e.g. Vila et al. 2001). In addition, some of these HAB-forming algae 
have the ability to form resting spores to endure periods of unfavourable conditions. Resting spores settle 
to the bottom, so sheltered bays can act as seedling banks and spread the cells to adjacent areas during 
strong advective movements.
In sum, the geomorphological complexity of the littoral drives great local variability 
in both the meteorological and hydrological conditions, and this natural heterogeneity 
is further enhanced by anthropogenic pressures, which are non-uniformly distributed 
across the territory. The patchiness in the forcing factors is ultimately transferred to the 
marine microbial community, whose diversity and response patterns can differ largely 
between nearby areas. Large environmental gradients in close spatial regions make 
a great difference with respect to open ocean systems, where basic physico-chemical 
properties are homogeneous within extensive patches of water. 
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Temporal variability
Seasonality versus short-term variations
Variability in coastal areas is deÞ nitely not restricted to the spatial scale, but it also involves the temporal 
dimension. The uniform seasonal features that deÞ ne large regions of the ocean (Longhurst 1995) are 
generally smeared out as we approach the coast. Roughly speaking, coastal short-term variability can be due 
to two complementary mechanisms: (1) regular day-to-day ß uctuations, basically induced by tidal forcing; 
(2) episodic disturbances (e.g. sudden freshets, wastewater spills, meteorological fronts, atmospheric dust 
storms) whose intensity and frequency may vary from one place to another, as we have seen thus far. 
There are several examples of both types of processes for different coastal regions around the world. 
Tidal cycles have been shown to drive changes in phytoplankton biomass and composition in the west 
and east coasts of the US (e.g. Cloern et al. 1985, Wetz et al. 2006) or in the southeastern English Channel 
(Brunet & Lizon 2003), and Chen et al. (2005) described increases in phytoplankton and bacterioplankton 
biomass following spring tide-driven upwelling in a semi-enclosed embayment in southern Taiwan. On the 
other hand, peaks in primary production following hydrologic-meteorological events have been reported in 
Chesapeake Bay (Yeager et al. 2005) or in the japanese coast (Nakane et al. 2008). In the Mediterranean, 
where tidal amplitude is generally <0.5 m and associated tidal currents are relatively unimportant, short-
term ß uctuations in planktonic biomass are frequently event-driven (e.g. Thyssen et al. 2008, Guadayol 
et al. 2009).
Notwithstanding, environmental drivers operate on several scales at the same time. Cloern (1996) 
noted that each physical forcing has indeed characteristic timescales of variability, ranging from hours to 
years, and their overlap can be reß ected in coherent biological patterns. The superimposition of patterns 
is exempliÞ ed in Figure 5. The top plot displays a 2-week series of hourly measurements in south San 
Francisco Bay. Semi-diurnal ß uctuations during the Þ rst days were caused by tidal advection and followed 
the tidal period; the second week, though, chlorophyll increased exponentially and the semi-diurnal tidal 
variability was overcome by the larger daily-scale variability of a bloom event. In contrast, the bottom 
plot shows a series of monthly measurements in north San Francisco Bay. Three scales of variability are 
evident: the annual seasonal cycle, interannual variability with years of non-existent or minor chlorophyll 
peaks, and a long-lasting shift at the end of the record, featuring persistent low chlorophyll values. 
Synchrony and cyclicity in biological shifts, however, can not be observed everywhere. When forcing 
factors are unclear, erratic or they have interfering effects, their overlap can blur otherwise clear biological 
responses. Mild forcing, for instance, can induce slight changes in the community, i.e. selecting for 
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speciÞ c groups of organisms, and act as background noise for more intense response mechanisms, which 
then become unclear and apparently uncorrelated to their true causal factor. A proper recognition of all 
drivers operating upon a speciÞ c location is thus desirable if we are to understand and predict plankton 
community dynamics, yet the identiÞ cation is not always straightforward. Regular biological shifts provide 
clues to discern the underlying physical mechanisms, as in the above example of San Francisco Bay, but 
varying frequencies in the physical forcing and time lags in the response of the organisms complicate the 
whole picture. 
The issue of overlapping forcing factors and diverse scales of variability was cleverly tackled by 
Anneville et al. (2004). These authors analysed changes in phytoplankton community structure across 
different scales, and on the basis of recurrent biological patterns, they tried to distinguish and rank the 
main environmental factors involved. Their study showed that the assessment of simultaneous temporal 
and spatial variability may render proÞ table results in the identiÞ cation of causal relationships, although 
the long time series of biological and physico-chemical variables needed to perform this type of analysis 
are seldom available. 
Fig. 5. Timescales of phytoplankton biomass variability (from Cloern 1996). Top: A 2-week series of 
hourly ß uorescence measurements from an in situ ß uorometer. Bottom: A 21-year series of monthly or 
semimonthly measurements of surface chlorophyll.
Plankton variability in a coastal ecosystem
35
In a different approach, Litaker et al. (1993) assessed the relative contribution of several stressors to 
phytoplankton biomass variability in a shallow tidal estuary via spectral analysis. They monitored 28 
parameters, encompassing meteorology, hydrology, water chemistry and phytoplankton production. The 
inß uence of each factor was dependent on the time of the year, i.e. wind stress induced phytoplankton 
growth through enhanced mixing only during periods of low river inß ows and weak stratiÞ cation, but a 
few physical drivers (tidal height and wind stress) could account for half the daily variability in chlorophyll 
a, and superimposed interday changes were coupled to the passage of atmospheric fronts (at 3 to 4 days 
intervals). Likewise, Pannard et al. (2008) found that changes in phytoplankton species composition and 
dynamics were tightly linked to short-term forcing events such as wind and rain. Pannard noticed that 
after the forcing event the community did not return to its original structure, mostly because of persistent 
modiÞ cations on the physico-chemical conditions caused by simultaneous forcing operating on an 
intermediate time scale. 
In short, the community is embedded in a hierarchical pattern of forcing events, so elucidating the main 
drivers, their operating mechanisms and their related effects on the planktonic communities requires 
detailed information on the environmental conditions and some insights on the general functioning of 
the ecosystem. Alas, the acquisition of such detailed information still remains a challenge in many coastal 
areas; given the difÞ culty and cost involved in obtaining high-resolution data, an inevitable question arises: 
To what extent short-term ß uctuations are important? Can short-term variability overshadow seasonal 
patterns or are these episodic disturbances systematically smoothed out by larger variations?
The importance of short-term variations is frequently underestimated with regard to monthly or annual 
shifts, albeit there is growing evidence on their signiÞ cance for the long-term functioning and structure of 
planktonic communities. Lucas & Cloern (2002) used a numerical model to prove that tidal ß uctuations in 
water surface elevation could determine positive or negative long-term phytoplankton growth in shallow 
estuaries. These authors described hourly-scale mechanisms inß uencing weekly-scale to monthly-scale 
phytoplankton dynamics such as, for instance, the intensiÞ cation of the depth-averaged benthic grazing 
effect by water column shallowing or the enhancement of water column photosynthesis when solar noon 
coincided with low tide. Further, photosynthesis and benthic consumption could modulate over biweekly 
time scales due to spring-neap ß uctuations in tidal range and the 15-d cycle of solar noon-low tide 
phasing. 
Similarly, short-term variability was shown to be key in shaping the community dynamics in two 
different locations of the English Channel (Pannard et al. 2008b). Pannard and colleagues observed a high 
short-term variability in biomass and nutrient concentration compared with annual variability, sometimes 
reaching half the concentration range observed at the annual scale, and argued that biological changes 
induced by episodic forcing could alter seasonal patterns and reduce the accuracy of predictive models of 
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seasonal succession. An additional example on how transient perturbations can induce plankton outbursts 
and modify background seasonal patterns was described in Guadayol et al. (2009). In their study, sudden 
river inß ows following heavy rainstorms greatly determined the species composition and size structure of 
coastal communities, and the recurrence of intermittent river ß ushes within a short lapse of time drove 
the system from persistent heterotrophy to autotrophy, overcoming a typical seasonal trait of the summer 
time. 
Elsdon & Connell (2009) explicitly addressed the question of the relative importance of short-term 
variation and its capacity to confuse interpretations over broader time scales. Interestingly, they monitored 
a few environmental parameters (nutrients, chlorophyll concentration or Secchi depth, among others) at 
four different coastal sites, and determined the proportion of their variation attributed to each time scale. 
The analyses revealed that, for most of these physico-chemical parameters, variation over small timescales 
of days was large relative to variation at scales of weeks and months, and highlighted the convenience 
of considering short time scale processes, particularly in dynamic coastal locations where intermittent 
natural and anthropogenic disturbances may be frequent.
One step further, Seymour et al. (2005) claimed that considering processes occurring over short time 
frames is central to our understanding of marine microbial communities because (1) events of major 
ecological signiÞ cance often result from sporadic and short-lived environmental perturbations and (2) 
the time frames of relevance to the life history of marine microorganisms are relatively short. Seymour 
stressed the fact that most large-scale studies interpret the intermittent patterns observed at smaller scales 
as of little ecological importance, whilst this small scale variability will often have an ecological relevance 
that is equivalent to, or greater than, the changes observed at larger scales.
Continuum of seasonal patterns across coastal ecosystems
We have thus far referred multiple examples that call for careful attention on short-term processes, but 
of course background seasonal features are important in characterising coastal dynamics and shall not be 
disregarded. In a recent work, Cloern & Jassby (2008) assessed the consistency of seasonal patterns across 
coastal ecosystems by analysing the intra- and inter-annual variability of phytoplankton biomass in several 
locations around the world. Their results unveiled a broad spectrum of seasonal patterns (e.g. Fig. 6) and 
large year-to-year variations. The authors underlined the contrast of such heterogeneous patterns with 
annual cycles of terrestrial and oceanic primary producers, for which seasonal ß uctuations are recurrent 
and synchronous over large geographic regions. In their words, ecosystems at the land-sea interface are 
therefore unique in this respect, exhibiting a complexity of primary-producer seasonal patterns at a much 
Þ ner scale than their terrestrial and oceanic counterparts.
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In addition to the wide spectrum of annual patterns, their compilation of data showed that production 
peaks can happen at any time of year, and that the amplitude of biomass variability, i.e. the annual range 
of chlorophyll values, can be large. Moreover, year-to-year shifts in timing indicated that seasonal patterns 
were not necessarily consistent at a single location. 
What factors are behind the divergence in seasonality between coastal and open ocean waters? The 
authors argue that the timing of phytoplankton blooms is constrained across large regions of the open 
ocean by thermal stratiÞ cation that blocks upward entrainment of nutrients from deep water, while 
this strong nutrient constraint on the seasonal occurrence of phytoplankton weakens in coastal marine 
waters that receive nutrient inputs from land. Therefore, they conclude that irregularity in the timing 
and amplitude of phytoplankton seasonal variability provides strong evidence that site-speciÞ c, local-scale 
processes can be dominant drivers of community dynamics at the landsea interface. 
(a) 
(b) 
(c) 
Fig. 6. Examples of seasonal Chl-a
patterns in coastal waters from: 
(a) Gulf of Aqaba (Eilat, Israel), (b) 
Westerschelde (Netherlands) and 
(c) Northern Adriatic Sea (Croatia). 
Dots, original data; bars, monthly 
means; arrows, peak months; 
vertical lines, annual range of 
monthly means; squares, annual 
mean of monthly means; number, 
normalized range (range divided 
by mean). From Cloern and Jassby 
(2008).
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Predictability and management
Overall, the diversity of spatial and temporal patterns in coastal communities implies that the response of 
plankton to environmental changes in nearshore marine ecosystems is more ambiguous and less predictable 
than that of organisms living on land or in the open ocean. The lack of clear predictable response patterns 
in coastal areas is not an issue of minor importance. First, it may have consequences for the ecology of 
the organisms, because species must develop strategies that provide ß exibility and allow them to cope 
with changing conditions. Second, it hinders the detection of long-term changes, such as those induced 
by chronic nutrient enrichment, landscape transformation, or effects related to Climate Change. Indeed, 
sorting out the environmental factors that determine major biological shifts is a Þ rst-order demand, 
because the dominance of one or other groups of plankton has implications for the production at higher 
trophic levels of the marine food web and affects oceanic biogeochemistry. It is also of practical importance 
for human living conditions in coastal regions, given that certain disruptions can lead to excess growth, 
degraded water quality, increased frequencies of harmful blooms and loss of living resources (NRC 2000, 
Cloern 2001, May et al. 2003). 
The most common approach to discern temporal dynamics and improve predictability in coastal 
areas are monitoring programs. The majority of such programs are primarily interested in seasonal and 
annual trends and use monthly or Þ xed-time sampling, but there is still a remarkable dearth of data 
addressing small-scale temporal variability, as noted by Howarth & Marino (2006). In parallel with this 
lack of information at small temporal scales, the impact of anthropogenic activities in nearshore waters 
has not always received the appropriate attention. Indeed, the myriad of potential impacts derived from 
human activities has led to focus on the harmful effects of a few strong stressors, while there has been a 
systematic neglect of other apparently less noxious factors. A careful reassessment is necessary in coastal 
regions where population densities and industrial activities have dramatically changed during the last few 
decades.   
In conclusion, we are becoming increasingly aware that the biological and physical parameters we 
study are complex at a wide range of spatial and temporal scales. This is particularly challenging in 
coastal areas, because the appropriate management of resources requires a good understanding of the 
overall system and a certain skill to anticipate exceptional phenomena. The success of management 
programs will be dependent upon our ability to elucidate the main processes in  ¯uencing the 
composition and dynamics of the marine planktonic community and their related scales of variability. 
In brief: plankton succession within a target system in response to a certain perturbation must be 
predictable. 
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Background hypotheses and aims of the thesis
The present thesis addresses several issues concerning plankton variability in a highly urbanized region of 
the NW Mediterranean coast. We seek to identify patterns of variability at different time scales, as well as 
the main environmental stressors impinging on the dynamics of the planktonic community. Additionally, 
we explore the effects of two major disruptions: a simulated event of intense atmospheric dust deposition 
and occasional nutrient enrichments with imbalanced nutrient ratios. 
The thesis is structured in Þ ve main chapters; the Þ rst four contain new data and results and the Þ fth 
is an overall discussion. Each chapter is based on several background hypotheses and aims to answer a 
speciÞ c question:
Chapter 1. High degree of variability of coastal plankton dynamics in an urbanized location 
of the NW Mediterranean.
Theoretical background: Seasonality is a key feature for the characterisation of marine habitats. In the 
open ocean, seasonal patterns are recurrent from year to year and synchronous across large geographic 
regions because they are tightly linked to the climate system through its inß uence on vertical mixing and 
solar radiation. In coastal areas, many other processes come into play that may affect seasonal cycles. 
Upwelling, river ß ow, wind-driven resuspension, tidal mixing, hydraulic manipulations and nutrient inputs 
are examples of regional- and local-scale processes that can blur recurrent annual trends. We hypothesize 
that the clear seasonal signal observed offshore is diluted in nearshore waters due to the convergence of 
atmospheric, terrestrial and oceanic drivers. Furthermore, enhanced variability may be found in coastal 
areas subject to intense anthropogenic pressure. 
The objectives of the Þ rst chapter are: (1) to assess the occurrence of seasonal patterns in an urbanized 
coastal area; (2) to compare these patterns with the seasonality observed in offshore waters and in some 
other coastal locations with similar physical forcing but less intense human perturbations; (3) to discern the 
main environmental drivers affecting planktonic community dynamics on a monthly to annual scale. Our 
ultimate goal relates to the improvement of tools for predictability and adequate coastal management.
Chapter 2. The interplay between mild physico-chemical forcing and plankton dynamics in 
a coastal area. 
Monthly samplings are a necessary tool to quantify long-term seasonal changes, and have proved equally 
useful to study the response of the community to severe hydrologic and/or meteorological events whose 
effects last for several weeks. However, the understanding of plankton dynamics in a highly variable 
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environment, such as coastal waters affected by human activities, requires some insights on short-
term processes. Events of major ecological signiÞ cance may result from sporadic forcing and short-lived 
perturbations lasting only a few days, and thus hardly perceptible with monthly sampling schemes. Further, 
plankton day-to-day variability is modulated by recurrent, low-intensity physical perturbations. The effects 
of this type of moderate forcing are seldom studied, although they may induce gradual shifts within the 
community and ultimately select for speciÞ c assemblages or optimal trophic pathways.
In this chapter, we aim to (1) assess the short-term variability of physico-chemical conditions and 
biological variables in our study area; (2) determine the effects of regular low-intensity perturbations, such 
as meteorological fronts, on the planktonic community. Hourly to daily variations of biological parameters 
are studied with regard to changes in the environmental conditions, with particular focus on the effects of 
turbulence and nutrient inputs. In addition, short-term variability is addressed during two different periods 
of the year to (3) test whether differences in the response of the organisms are related to differences in the 
initial community composition and structure. 
Chapter 3. Dynamic forcing of coastal plankton with nutrient imbalances and turbulent 
match-mismatch
Breakdown of seasonal patterns and increased unpredictability in coastal locations is greatly related to 
human inß uence. Anthropogenic disturbances in coastal areas are multiple and diverse, with both short and 
long-term consequences and affecting a wide variety of marine organisms. Eutrophication is, nonetheless, 
one of the most conspicuous ones. Eutrophication issues are mostly due to nutrient overload, but changing 
nutrient ratios are also an important element of biological disruption. Unbalanced inputs can selectively 
promote the growth of speciÞ c groups, persistently altering the functioning of the system. 
Nutrient inputs derived from human activities tend to be rich in N and P, but while urban areas provide 
N mostly in the form of ammonium, agriculture is a prominent source of nitrate. The effects of N speciation 
and the chronic predominance of particular N compounds are poorly understood. We hypothesize that 
the uneven total load of nitrogen and phosphorus and differences in N partitioning are important factors 
underlying community shifts in coastal environments. In addition, the match/mismatch between nutrient 
inputs and turbulence may modify the biological outcome. 
The object of the third chapter is to explore the effects of N partitioning and unbalanced nutrient ratios 
(with regard to standard RedÞ eld values) on the dynamics of natural planktonic communities from coastal 
waters. The emphasis is placed upon: (a) the differential biological response to nutrient enrichments featuring 
varying proportions of N compounds, i.e. ammonium and nitrate; (b) the variability in the organisms 
dynamics related to the co-occurence of turbulence and nutrient inputs; (c) the signiÞ cance of both the initial 
community composition and the organisms history in determining the response to sudden nutrient ß uxes.
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Chapter 4. Coastal mediterranean plankton stimulation dynamics through a dust storm 
event: an experimental simulation.
Additional sources of variability for plankton dynamics stem from natural events: atmospheric deposition 
is a natural source of nutrients in coastal waters. In this regard, dust storms constitute interesting 
phenomena, because dust can deliver large amounts of macro and micronutrients to surface waters. In 
the NW Mediterranean, Saharan dust inputs are frequent and, at times, fairly intense. Some of the effects 
of these inputs on both autotrophic and heterotrophic organisms have been explored but there is still 
a paucity of information on the impact of dust over the whole planktonic community, or the response 
ecological succession. 
This chapter addresses the potential response of a natural planktonic community to dust additions 
and examines whether the changes induced by dust are comparable to the effects of equivalent nutrient 
enrichments. We aim to (1) elucidate whether dust inputs can relieve nutrient contraints, in particular 
P-limitation, and foster the growth of the organisms; (2) determine whether episodic dust events can drive 
signiÞ cant changes in biomass and structure within the microbial community and (3) if such changes 
may shift the balance between autotrophy and heterotrophy. Further, we explore (4) whether turbulent 
conditions lessen or enhance the effects of dust on the planktonic community.
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Contrary to what happens in open waters, where 
chlorophyll values and plankton dynamics can be 
predicted with a reasonable accuracy on an annual 
basis, biological parameters analysed for coastal 
waters often show slight seasonality, and they 
are exposed to numerous and convergent forcing 
mechanisms which make it difÞ cult to draw clear 
patterns. On top of this large natural variability, 
coastal locations subjected to urban sprawl 
receive further human impacts that may increase 
the variability and unpredictability of coastal 
plankton dynamics. Here we present the results 
of a multi-year time series of monthly samplings 
carried out in a coastal location by the city of 
Barcelona (NW Mediterranean) that is highly 
exposed to anthropogenic disturbances. Our 
data conÞ rms the existence of complex patterns 
throughout the year, and the importance of short-
scale perturbations in modifying the planktonic 
community and inducing changes as great as 
those related to seasonal variability. Freshwater 
inputs, either coming from river ß ushes or rainfall, 
proved to be an important source of nutrients, yet 
the response of the organisms was vague and not 
systematic, contrary to the results of a previous 
study at a nearby coastal location less affected by 
human activities. The severity of anthropogenic 
disruptions was, however, partially masked by the 
co-occurrence of natural physical phenomena, i.e. 
waste spills often come with downpours and large 
river discharge, so we could not easily distinguish 
their effects. The importance of a seasonal driving 
inß uence on chlorophyll dynamics increases 
offshore as derived from satellite data. Thus, in the 
NW Mediterranean, there seems to be a gradient 
of decreasing predictability on plankton dynamics 
from offshore to coastal waters with little human 
inß uence, where seasonality can be largely 
modiÞ ed by local processes but the biological 
response is systematic and fairly predictable, 
and Þ nally to urbanized coastal locations, where 
seasonal background is diluted by numerous 
perturbations and there exists a variable pattern 
of biological responses. Our study underlines 
the importance of speciÞ c coastal processes 
in determining the structure and dynamics of 
the planktonic community, and the need to 
characterize coastal areas setting aside many of 
the assumptions valid for open ocean regions. 
Plankton is at the base of marine food webs and 
understanding its dynamics is crucial to foresee 
ecosystem changes or disfunctions.
Abstract
KEYWORDS: 
plankton dynamics; coastal 
areas; anthropogenic pressure; 
physical drivers; seasonality; 
NW Mediterranean
*
Chapter 1
56
Seasonal patterns in an urbanized coastal environment
57
Introduction
In the Mediterranean Sea, as in most temperate and subtropical oceanic areas, the dynamics of plankton 
are recurrent and strongly driven by the winter mixing that sets on the most prominent production and 
population succession events. Mixing brings up nutrients from deep waters to the surface, where the 
availability of light and the stratiÞ cation of the water column allow for a large phytoplankton production 
peak in winter-spring. Highly stratiÞ ed water column conditions and diminished nutrient concentrations 
in summer give prominence to smaller phytoplankton species and recycling heterotrophs (Margalef 1978, 
Longhurst 1995, Longhurst 1998). Lower autumn phytoplankton peaks are common when mixing starts 
to break the stratiÞ cation. Albeit there are many physico-chemical factors known to inß uence or modulate 
this system dynamics, such as fronts (Mahadevan & Archer 2000), internal waves (Kahru 1983), mesoscale 
processes (Lévy 2008), wind-driven turbulence (Gargett 1989, Pesant et al. 2002) or atmospheric inputs 
(Guerzoni et al. 1999), a high degree of predictability remains in open ocean conditions.
A different picture emerges for coastal areas. Chlorophyll, as a proxy for system production, tends to 
have annual cycles more or less blurred by a multitude of local, site-speciÞ c characteristics such as river 
discharge, complex bottom bathymetries, local winds, tides and other. Thus, the strong nutrient constraint 
on the seasonal occurrence of phytoplankton production in the open ocean weakens in coastal waters 
that receive nutrient inputs from land through a range of sources and regimes (Cloern 1996, Cloern & 
Jassby 2008). In addition, the growth stimulation that takes place in open waters as a result of increased 
light availability during the spring stratiÞ cation is of less importance in many coastal areas, because the 
water column is shallow and the organisms are permanently within the photic layer. As a consequence, 
seasonality may be largely modiÞ ed and predictability at the system level dramatically decreased.
Mediterranean climate is characterised by a strong irregularity in precipitation (Cebrián et al.1996, 
Llasat & Puigcerver 1997, Font 2000, Valero et al. 2009). Rainfall periods are mostly conÞ ned to autumn 
and spring, but strong storms are erratic and highly unpredictable, and they often result in important 
inputs of terrestrial runoff into the coastal zone (Liquete et al. 2009). Precipitation events affect water 
discharge regimes of streams, including many rivulets that remain dry during long periods of time but are 
responsible for large short-lived discharge events (Liquete et al. 2007). In the NW Mediterranean, previous 
studies have shown the importance of episodic disturbances on the dynamics of the planktonic community 
and their potential to induce changes on the order of seasonal variability (Duarte et al. 1999, Guadayol et 
al. 2009). Guadayol et al. (2009) proposed a sequence of events that led to production peaks after episodic 
storms and river discharge events in Blanes Bay. This increased the understanding of plankton system 
dynamics in the area, somewhat simpliÞ ed for having inconspicuous tides.
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In addition to the natural variability in forcing conditions, there are human-induced perturbations. 
Human pressure along the worlds coasts has increased during the last decades, and the impacts on the 
coastal environment have consequently multiplied (IPCC 2007). Continuous human pressure can induce 
progressive changes in the water properties (e.g. changes in the concentration of inorganic nutrients 
and organic matter, shifts in the relative concentration of inorganic nutrients or higher turbidity) that 
may alter the natural dynamics of plankton or the community composition and drive gradual, long-term 
ecosystem shifts. Eutrophication of coastal waters, along with the artiÞ cial stabilization of the coastline 
are but two consequences (Tett et al. 2003, Tett et al. 2007, Claussen et al. 2009). The combination of 
excess nutrients and limited water mass movements can foster the emergence of chronic polluted areas 
or favour the development of algal blooms (Vila et al. 2001). Beyond long-term changes, human-induced 
perturbations may interact with the natural forcing variability on shorter time scales to affect coastal 
plankton dynamics.
The city of Barcelona and its nearby littoral are a good example of a densely populated coastal area. 
The metropolitan region houses about 3 million inhabitants, but over 4.6 million people live within the 
catchment area of the two major rivers that ß ow into the citys nearshore waters, the Besòs River and the 
Llobregat River (ACA 2005). Coastal management of the area may thus greatly beneÞ t from increased 
understanding of the combined effects of natural and anthropogenic forcing on coastal plankton dynamics. 
Apart from the regular intrinsic pressure derived from large urban sprawl, e.g. in terms of air pollution or 
waste discharge, impacts exerted by human activities on the coast are highly variable, both in form and in 
time. In the summer, touristic and recreational uses (bathing, leisure crafts) imply a direct and continuous 
perturbation of coastal waters, but their effects are usually restricted to a narrow water strip close to the 
coastline. On the contrary, in autumn and spring, urban sewage spills that come with freshwater ß ushes 
and rainfall overß ows affect extensive areas, though their impact is limited in time and fairly uneven along 
the coast (EEA 1999, UNEP/MAP/MED POL 2003, ACA 2005).
Within this framework, we hypothesize that the seasonal signal characteristic of open Mediterranean 
waters is blurred in the littoral fringe, particularly near densely populated areas, since there nutrient 
inputs should be large and occasionally uncoupled from meteorological or oceanographic forcing. In order 
to address this issue, the present study focuses on the dynamics of plankton in a highly urbanized coastal 
location by the city of Barcelona, using time series data. We compare this study site to the results described 
for Blanes Bay (70 km north from Barcelona, Guadayol et al. 2009), where the natural forcing conditions 
are fairly similar but the anthropogenic inß uence is not so large, and to the satellite-derived chlorophyll 
signal for a larger area in the NW Mediterranean.
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Materials and methods
Sampling area and sampling scheme
The study was conducted in Barcelonas coastal waters, ca. 0.5 km offshore of Barceloneta beach 
(41°22.914′ N, 2°11.970′ E, Fig. 1), in the NW Mediterranean coast. The sampling station has a depth of 
about 10m with a sandy bottom. The predominant current acting near the coast is the south-westwards 
littoral drift, a by-product of the Liguro-Provençal Current, which is the main oceanographic current in the 
Catalan margin (Flexas et al. 2002). An accurate description of the Barcelona continental shelf and its main 
geological, hydrographic and oceanographical features are given in Liquete et al. (2007). This is an area 
severely inß uenced by human activities (tourism, recreational sailing, dredging for beach nourishment, 
works on coastal infrastructures). Barcelona is located between the discharge of the Besòs River to the 
north and the Llobregat River to the south, which altogether include more than 4.6 million people living 
within their drainage basins (Fig. 1). In addition, the site is located between several storm sewer overß ows. 
Despite such constraints and the proximity to the city, nutrient and chlorophyll concentrations in the 
water are generally low, and the area has not yet shown symptoms of eutrophication.
We carried out extensive monthly samplings from October 2005 to October 2008, framed within a 
larger regular sampling program running since 2002 that has provided basic variables also included in the 
analysis. Water was taken from a depth of 3m by means of a Niskin bottle, and immediately transferred 
to 2.5 liter polycarbonate carboys that had previously been washed with a dilute solution of hydrochloric 
acid and thoroughly rinsed with milli-Q water and sample water. Carboys were carefully protected from 
sunlight and taken to the laboratory. CTD vertical proÞ les were also obtained.
Hydrological and meteorological time series
Meteorological data was provided by the Spanish Meteorological Agency (www.aemet.es). Data was 
acquired from a meteorological station located at the seafront (41°23.45′ N, 2°12.08′ E, 21m height), 
close to our sampling site (Fig. 1, inset). They supplied hourly-accumulated rainfall and hourly-averaged 
data for air temperature, irradiance, wind speed and wind direction. Wind parameters were measured 
at 10m above the ground and consisted of vectorial averages. Additionally, the Catalan Meteorological 
Service (www.meteo.cat) provided us with data recorded in an automated station located in the outskirts 
of the city (41º25.104′ N, 2º 7.434′ E, 411m height). This secondary set of parameters comprised hourly-
accumulated rainfall and hourly averages for air temperature, air pressure, irradiance, wind speed (10m), 
wind direction (10m) and relative humidity. Again, wind parameters consisted of vectorial averages.
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Fig. 1. Map of the study area, close to the 
city of Barcelona (NW Mediterranean). Grey 
shaded regions indicate urban areas, and long 
straight lines near the coastline represent 
marine outfalls. The Besòs River ß ows into 
the sea up north of the city, while the mouth 
of the Llobregat River is located southwards. 
Meteorological stations are represented by 
white squares with crossed lines, grey circles 
stand for wave buoys and the black square 
marks our sampling station. Several storm 
sewer overß ows are located north and south of 
the sampling station; we used data from one of 
them, marked with a black circle (inset).
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Time series for the Besòs River discharge was kindly provided by the Catalan Water Agency (http:// 
aca-web.gencat.cat/aca). Daily data were available for the period 2003-2008. Wave height, wave period 
and water temperature were obtained from a directional wave buoy deployed southwards of our sampling 
station (41º 19.3′ N, 2º 12.4′ E, Fig. 1) over a depth of 68.5m (REDCOS network, Puertos del Estado, www.
puertos.es). When necessary, data of a second buoy placed near the Llobregat River mouth (41º 16.69′ N, 
2º 08.48′ E, 45m depth, XIOM network, Generalitat de Catalunya, www.boiescat.org) were used to Þ ll 
gaps in the time series, applying a simple linear model that explained >96% of the variance. Both buoys 
provided hourly-averaged data.
Storm sewer outß ow data was obtained from Clavegueram de Barcelona S.A. (CLABSA). Barcelonas 
sewer system has several underground deposits to collect rainfall and terrestrial runoff for routine sewage 
disposal, but when large downpours occur, part of these waters are jointly released into the sea through 
storm sewer overß ows. Outlet ß ow rates are not measured directly but are determined from measurements 
of the water level. Only values above a minimum threshold are considered, and this hinders the detection 
of low-volume water discharges. We analyzed the data from their station L20 (41°23.516′ N, 2°12.160′ E, 
Fig. 1), north of our sampling site. 
Satellite chlorophyll data
Time series of satellite surface chlorophyll (1998-2007) were analyzed for a broader area in the NW 
Mediterranean, between 42.5 and 39.5 ºN and 0.5 ºW and 5 ºE. We used SeaWiFS level 3 data (reprocessed 
July 2007) provided by NASAs Giovanni remote sensing data tool (http://disc.sci.gsfc.nasa.gov/giovanni). 
Data were 8-day averages over a 0.1º x 0.1º area. Occasional gaps were linearly interpolated. The power 
spectral density was analysed using Welchs averaged modiÞ ed periodogram, where the time series is split 
into 8 segments of equal length with 50% overlap. Each segment is windowed with a Hamming window 
and the results are averaged. Spectral analysis calculations were performed with Matlab version 7.0 (The 
Mathworks Inc. 2004). The area under the 1-year peak signal was divided by the total spectral area to 
calculate a seasonality index. A grid of 156 points was analyzed with somewhat higher spatial resolution 
near the coastal areas.
Analytical procedures
Samples for total and fractioned chlorophyll a, bacteria, pico and nanophytoplankton, heterotrophic and 
autotrophic ß agellates, inorganic nutrients, particulate carbon, particulate nitrogen, and total phosphorus 
were taken for each sampling. Salinity and water temperature were obtained from CTD casts.
Total and fractioned (>10 m, >20 m) chlorophyll a concentrations were determined by ß uorometry 
(Yentsch & Menzel 1963). For total chl a, 20-40 mL samples were Þ ltered through Whatman GF/F glass 
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Þ ber Þ lters. For the >10 m fraction, we Þ ltered 30 to 50 mL samples through 10-m pore size Whatman 
Nuclepore polycarbonate Þ lters and the larger fraction (>20 m) was obtained by Þ ltering 200 mL 
samples through 20-m nylon-mesh Þ lters. All samples were done in triplicate. Filters were plunged in 
90% acetone and left in the dark at 4ºC for 24h. The ß uorescence of the extract was measured with a 
Turner Designs ß uorometer.
Bacteria, autotrophic pico- and nanoplankton were quantiÞ ed by ß ow cytometry (Gasol & del Giorgio 
2000). Samples (1.8 mL) were Þ xed with 0.18 mL of a 10% paraformaldehyde and 0.5% glutaraldehyde 
mixture. Subsamples of 200 L were stained with SYTO13 (Molecular Probes) at 2.5 mol L-1 (diluted in 
DMS), left to stain for 15 minutes in the dark and then ran at low speed (ca. 12 L min-1) through a Becton 
Dickinson FACScalibur ß ow cytometer with a laser emitting at 488 nm. As an internal standard, we added 
10 L per sample of a 106 mL-1 solution of yellow-green 0.92 m latex beads (Polysciences).
For phytoplankton, subsamples of 600 L were left unstained and were ran at high speed (ca. 60 L 
min-1). Again, a volume of 10 l of a 106 mL-1 solution of beads was used as an internal standard. As a cross-
control to determine cell abundances and to ensure stability of the ß ow, the ß ow speed was calibrated 
every 10 samples by measuring sample volume before and after a 10 min run.
Autotrophic and heterotrophic ß agellates were estimated by epiß uorescence microscopy  according to 
the procedure described in Porter & Feig (1980). Samples for ß agellates were Þ xed with glutaraldehyde 
(1% Þ nal concentration), stained with DAPI (5 g mL-1) and Þ ltered on 0.8 m black polycarbonate 
membranes. The Þ lters were then mounted on microscope slides and kept frozen at -20ºC. Counts were 
done on a Nikon Labophot epiß uorescence microscope at x1250 magniÞ cation. Between 180 and 200 
nanoß agellates were counted per Þ lter, and they were sized using a calibrated ocular micrometer in 4 
classes (<4 m, 4-8 m, 8-16 m, >16 m). Autotrophic and heterotrophic organisms were distinguished 
by the red ß uorescence of chlorophyll under blue light excitation.
Inorganic nutrients (i.e. nitrate, nitrite, ammonium, phosphate and silicate) were determined with 
an Alliance Evolution II autoanalyzer following the methods in Hansen & Koroleff (1999) with minor 
modiÞ cations. Samples were kept frozen at -20ºC until analysis. 
Particulate carbon and nitrogen were collected (up to 1000 mL) on pre-combusted Whatman GF/F 
Þ lters. Measurements were carried out with a Perkin Elmer 2400 CHN analyzer. An acetanilide standard 
was used daily. The precision of the method is ± 0.3 μmol C L-1 and ± 0.1 μmol N L-1. Samples were kept 
frozen at -80ºC until analysis. To discern whether this particulate material corresponded to organisms or 
mostly consisted of inorganic particles we acidiÞ ed one replicate Þ lter per month prior to analysis (samples 
were collected in duplicate). When exposed to acidic steams, inorganic carbon compounds (mainly calciÞ ed 
structures) react to form volatile carbon dioxide, so that comparing carbon concentration in both Þ lters 
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(acidiÞ ed and non-acidiÞ ed) we can roughly estimate the organic and inorganic fractions. No signiÞ cant 
differences were found between both treatments, implying that particulate carbon concentrations were 
mostly related to organisms biomass.
The concentration of total phosphorus (TP) was determined by wet oxidation and colorimetry (Hansen 
& Koroleff 1999). Brieß y, 25 ml aliquots were mixed with 2 ml of the oxidant reagent in glass vials, and 
autoclaved at 121ºC for 30 minutes. Once the vials were cooled down to room temperature, 600 l of 
ascorbic acid were added and left to act for two minutes. We Þ nally added 600 l of the combined reagent 
and kept the samples in the dark for 15 minutes. Readings were done at 880 nm with a CaryWin UV 
Spectrophotometer.
Biomass calculations
Chlorophyll a values were converted to carbon using a factor of 50 g of carbon per g of chl, a value within 
the range reported by Delgado et al. (1992) for surface waters in the NW Mediterranean. Bacterial biomass 
was estimated by ß ow cytometry following the methodology described in Gasol & del Giorgio (2000), 
using a carbon conversion factor of 0.35 pg C m-3 (Bjørnsen 1986), which resulted in an average value of 
21 fg C cell-1. Average volume for cyanobacteria was estimated assuming a spherical shape: we considered a 
diameter of 1 μm for Synechococcus sp. (Agawin et al. 1998) and of 0.7 μm for Prochlorococcus sp. (Vaulot 
et al. 1990, Gasol & del Giorgio 2000). For Synechococcus sp., we used a mean carbon content of 0.357 pg 
C m-3 (Verity et al. 1992) whilst for Prochlorococcus sp. we assumed a value of 0.35 pg C m-3 (Bjørnsen 
1986). Cell volume of ß agellates was established from the mean value of each size class, assuming a prolate 
spheroid shape. In this latter case, conversion to carbon was calculated with the equation pg C cell-1 = 
0.433 · (m3)0.863 (Verity et al. 1992).
Statistics
Despite slight deviations from normality in a few parameters, Pearsons product-moment correlation 
coefÞ cient was used to estimate statistic relations between variables due to its robustness when the sample 
size is large. For those parameters with a low number of samples (n < 25), non-parametric Spearmans 
rank correlation coefÞ cient was used instead. To detect delays in the response of the biogeochemical 
variables with regard to the physical forcing or between different forcing variables, we performed cross-
correlations (details of this method are thoroughly explained in Guadayol et al. 2009). Statistical analyses 
were performed with Statistica version 6 (StatSoft Inc. 2001) and JMP statistical software (version 8).
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Results
Surface chlorophyll variability in the NW Mediterranean
Chlorophyll values from satellite ranged from 0 to 14.32 μg L-1, with an average of 0.38 μg L-1. Peak values 
ranged from 0.62 to 14.32 μg L-1, with the highest values near the Catalan coast. Within the years of our 
time series, chlorophyll spanned from 0.28 to 14.17 μg L-1, again with the highest oscillations near the 
coast. Relative variation within the time series computed as the coefÞ cient of variation did not show a clear 
pattern and ranged from 20% to 134% with an average of 76%.
Seasonality shows a north-south gradient with values ranging from ca. 0.2 to 0.6 (Fig. 2). This is likely 
the result of variations of the Liguro-Provençal current ß owing along the Catalan coast from the NE to 
the SW and affected by the Rhone River discharge regime. On top of this variability gradient there are 
decreases in the seasonality index as we approach the coast, as can be seen from data in the two transects 
perpendicular to the Catalan coast shown in Fig. 3. Thus, chlorophyll dynamics in coastal areas depend, to 
a variable degree, on factors other than the regular irradiance regime that drives the annual cycle.
Annual variability and seasonal dynamics at the Barcelona station
Hydrological and meteorological parameters. Interannual dynamics of several physical parameters are 
shown in Fig. 4. As expected, air and water temperature show a strong seasonal signal, while precipitation, 
signiÞ cant wave height and river ß ow present milder seasonal patterns and numerous erratic peaks during 
the year. 
Daily rainfall values are largely variable (Fig. 4c), but maximum precipitation events occur mostly in late 
summer and early autumn. Note that extreme rainfall episodes have decreased over the study period, and 
precipitation in 2008 was more evenly distributed throughout the year. In contrast, 2006 was particularly 
Fig. 2. Seasonality index
computed for a wide area in the NW 
Mediterranean. Note that 
scale values are relative units 
(see text for details).
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dry, with only minor rainfall episodes registered from the beginning of march until mid august (nearly 6 
months). Long dry periods are indeed a remarkable feature of Mediterranean climate, often leading to 
droughts and severe decreases of stream ß ows, and they worsen the effects of subsequent autumn ß ash 
ß oods in coastal areas due to increased soil erosion and dragging capacity under reduced vegetal cover 
(Ramos & Martínez-Casasnovas 2006, EEA 2008).
River discharge is closely related to precipitation and ß ow peaks follow most rainfall events (Fig. 4d). We 
consider the discharge of the Besòs River, north of our site, since usually the southwestwards littoral drift 
brings the plume past our sampling station. The mean Besòs ß ow was of about 3 m3·s-1, but this average 
value can be largely surpassed during extreme events (water discharge reached ca. 82 m3·s-1 in september 
2006, after a severe dry period). The river watershed consists largely of consolidated sedimentary rocks 
and recent alluvials (Liquete et al. 2009). Sediment concentrations in the water are highly variable, and 
episodic autumn downpours disproportionately contribute to sediment inputs in the nearshore waters 
(Liquete et al. 2009).
SigniÞ cant wave height (H
sig
) ranged from 0.1 to 2.3 m, with an average value of 0.6 ± 0.3 m. There 
is a trend in this parameter to slightly increase from late autumn to early spring, although interannual 
variability is conspicuous (Fig. 4e). Tides are very small (25 centimeters at maximum height) in the Catalan 
coast and increases in wave height are often associated with cold fronts and strong winds. Wave height can 
be considered a rough proxy for turbulence and mixing in the water.
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Wind velocities in the area averaged 4.15 ± 1.56 m·s-1 (Fig. 4f). Guadayol & Peters (2006) found that 
strong wind events in this region are more frequent and persistent in autumn and winter. Our 4-year time 
series did not allow us to establish well-deÞ ned seasonal variations, but in general our data Þ t well with 
the features described before. We also found large wind speed peaks occurring in the spring time, though 
average wind velocities were overall higher in autumn.
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A typical sequence of events in this part of the Mediterranean starts with intense rainfall, often 
accompanied by easterly winds (Martin-Vide 1982), followed by increased river ß ow and large freshwater 
discharges, as rain and terrestrial runoff are channelled by multiple ephemeral rivulets spread along the 
coast. Apart from giving rise to intense storms, easterly winds are associated to energetic wave regimes 
and a reinforcement of the southwards littoral drift (Liquete et al. 2007), somehow pushing the entire 
ecosystem towards an unstable environment with rapid physical shifts. Besides, even under calm wind 
conditions, increases in river discharge following rainfall episodes, or due to spring thaw or dam water 
releases, can enhance turbulence in the water column and induce moderate increases in wave height. 
Biological and chemical parameters. As a general rule, chlorophyll a values are higher from early winter 
to spring time, and they decrease in the summer, but this background dynamics is obscured by numerous 
peaks during the year (Fig. 5, Table 1). Nutrients show a similar pattern, with maximum concentrations 
tending to occur in the winter time (particularly for phosphate, silicate and nitrate).
Given the dissimilar annual dynamics of nitrate and phosphate (apart from the winter maxima, 
uncoupled secondary peaks appear in late spring), we plotted the dissolved N:P ratio throughout the 
whole study period (Fig. 5e). We can see that there exists a changing co-limitation between N and P, with 
remarkable differences among years. For the most part, nitrogen exceeded phosphorus during the Þ rst 
months of the year (with regard to the RedÞ eld ratio, N:P = 16), but the inorganic N pool was progressively 
consumed -or alternatively, excess N left from the winter bloom was converted into DON, as suggested by 
Thingstad et al. (2005)-, and the ratio dropped below RedÞ eld values by the beginning of the summer. On 
the contrary, in 2007 the ratio was always above 16, suggesting that P inputs during that year were low as 
compared to N concentrations in the water.
Salinity ranged from 36.73 to 38.80 (psu) and showed local minima following rainfall episodes (Fig. 
5f). Despite that there is not a clear seasonal pattern, slightly lower values were usually registered in late 
spring-early summer, while in winter salinity was seldom below 38, presumably because there is a stronger 
inß uence of open Mediterranean salty waters during the cold months, so that intense mixing of the water 
column quickly overcomes salinity drops associated with terrestrial freshwater inputs.
Size-fractioned chlorophyll analyses showed a visible coincidence between the >10 m (Fig. 5h) and 
>20 m fractions (data not shown), meaning that most biomass retained in the 10-m Þ lter were also 
collected in the >20-m mesh and corresponded to microphytoplankton. In the winter, high values of 
chlorophyll matched high proportions of large pigmented organisms (chl >10 m represented ~50-80% of 
total chlorophyll a) whereas chlorophyll peaks occurring in spring or early-summer did not always present 
such correspondence (Fig. 5g, 5h).
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Pico and nanophytoplankton were most abundant when total chlorophyll concentrations were low 
(Fig. 6a). Synechococcus sp. and small eukaryotes peaked in the summer (from may to september), while 
maximum concentrations of Prochlorococcus sp. happened in autumn. High numbers of autotrophic 
nanoß agellates were also found during summer periods. Note that pigmented nanoß agellates were not 
too abundant during the phytoplankton winter bloom, but instead they notably contributed to spring 
chlorophyll peaks (spring maxima for chlorophyll and ANF overlap, see Fig. 6c).
Data on bacterial abundance ranged from 6.4·105 to 2.1·106 cells·mL-1, with an average concentration of 
1.2 ± 0.3·106 cells·mL-1 (Fig. 6b). Two annual recurrent peaks were found in 2006 and 2007; the Þ rst one 
appears in mid-spring (april-may) whereas the second one takes place at the end of the summer (august-
september). Minimum concentrations were registered in winter samples. The dynamics of heterotrophic 
nanoß agellates is fairly well coupled to that of bacteria, and increases in the abundance of heterotrophic 
nanoß agellates match peaks in bacterial concentration throughout the year (Fig. 6d).
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Table 1. Basic statistics for several biological and chemical parameters; sample size (N), mean, standard 
deviation and range of values, respectively. TP = total phosphorus; PC = particulate carbon; PN = 
particulate nitrogen.
Variable N mean ± standard deviation min-max
PO
4
3- (mol·L-1) 69 0.186 ± 0.065 0.025 - 0.466
NH
4
+ (mol·L-1) 69 1.920 ± 1.413 0.200 - 7.662
NO
3
- (mol·L-1) 69 1.043 ± 0.789 0.067 - 5.026
H
4
SiO
4
 (mol·L-1) 69 0.932 ± 0.387 0.230 - 2.231
N:P 69 19.684 ± 12.837 2.96 - 54.96
NH
4
+ : NO
3
- 69 2.140 ± 1.241 0.465 - 6.826
chl a (g·L-1) 68 1.575 ± 1.086 0.286 - 6.630
bacteria (cells·mL-1) 29 1.25 ± 0.33 ·106 0.64 ·106 - 2.12 ·106
TP (mol·L-1) 30 0.248 ± 0.092 0.107 - 0.520 
PC (mol·L-1) 26 19.89 ± 9.01 7.25 - 41.35
PN (mol·L-1) 26 2.582 ±1.140 1.003 - 5.718
Particulate carbon and nitrogen (PC and PN, respectively) allow us to assess the amount of suspended 
particulate matter in the water column. Despite the proximity to the city and the shallowness of the 
sampling station, PC and PN concentrations in the study area were generally low (Table 1). However, both 
variables showed erratic peaks and no seasonal trends could be distinguished. The ratio C:N for particulate 
matter was on average 7.7 and never fell below 5.9 (RedÞ eld C:N ratio is 6.6).
Relationships between disturbances and water-column parameters
Correlation analyses between several biogeochemical variables are shown in Table 2. Silicate, nitrate and 
phosphate were correlated to each other, yet ammonium did not correlate to phosphate neither to silicate. 
Chlorophyll was strongly correlated to nitrate, whereas the relationships with ammonium and inorganic 
phosphate were non-signiÞ cant. Interestingly, the quotient NH
4
+:NO
3
- was strongly correlated to the 
bacterial abundance.
Small phytoplankton seemed to cluster together (there was a signiÞ cant correlation between pico- and 
nanoeukaryotes, autotrophic nanoß agellates and cyanobacteria, not shown), and most of these organisms 
displayed negative correlations with salinity and the concentration of silicate and nitrate. Bacteria 
matched with heterotrophic nanoß agellates, but no direct relationships with inorganic nutrients proved 
Seasonal patterns in an urbanized coastal environment
71
signiÞ cant. Total phosphorus peaked along with freshwater, ammonium and chlorophyll concentration, 
while inorganic phosphate correlated to particulate carbon.
As seen in Figs. 5-6, annual variability for most parameters is large, and superimposed on seasonal 
trends are numerous peaks that seem to be somewhat related to ephemeral anthropogenic or physical 
disturbances. Assessing the actual impact of these events on the planktonic community is not always 
straightforward. Despite that physical processes may act as stimuli for biological changes, direct 
correlations between biological and oceanographic/meteorological parameters measured simultaneously 
may not render the whole picture. Because biological response may be delayed with regard to the onset of 
forcing factors, cross-correlations are needed to estimate the effects of episodic disturbances on community 
dynamics. Following the methodology in Guadayol et al. (2009), we correlated biogeochemical water-
column parameters with several meteorological and hydrological variables, namely, river discharge, daily 
accumulated rainfall, signiÞ cant wave height, wind speed, air and water temperature. Given that the 
strength of cross-correlation analyses is highly dependent upon the number of samples considered, when 
possible, analyses were performed with data collected during the whole time series (>7 years). Among 
the water-column parameters, only salinity, inorganic nutrient concentration and chlorophyll values were 
available for the entire period.
Air and water temperature were both signiÞ cantly correlated to many biological factors, but such 
signiÞ cant relationships lasted for several months and ß uctuated slightly over time, thus reß ecting seasonal 
trends. In contrast, wind speed did not show signiÞ cant correlations with any of the analysed variables, 
likely due to the relatively low wind speed values registered in the area and to erratic daily variations. None 
of these factors has consequently been considered. 
Cross-correlations with Besòs River discharge, rainfall and signiÞ cant wave height are plotted in Figs. 
7-9. River ß ushes were strongly correlated with phosphate and silicate concentrations within the Þ rst few 
days, while ammonium and nitrate showed a minor initial response, but later increases. The likely addition 
of nutrients due to freshwater inputs was however not followed by a measurable increase in plankton 
abundance, and only chlorophyll values showed a signiÞ cant positive effect with some delay with regard 
to the nutrient peaks. Occasional 1 or 2-day signiÞ cant correlations appeared with a lag of about 3 weeks 
for heterotrophic nanoß agellates, but short-lived correlations with such long delays may be spurious and 
not indicate any direct causal link. The effects of rainfall were rather similar. SigniÞ cant correlations were 
detected for silicate and phosphate during the Þ rst days, but no signiÞ cant changes occurred with regard to 
organism concentrations or particulate matter. Note that, although not statistically signiÞ cant, there was a 
consistent positive effect on bacterial abundance shortly after both riverine and rainfall inputs, and prior 
to the chlorophyll increase.
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Cross-correlations performed with signiÞ cant wave height showed, in general, longer time lags for 
nutrient peaks. Silicate, nitrate and phosphate correlated signiÞ cantly to H
sig
, yet with 2 to 3-week lags, 
and ammonium increased straight afterwards. Again, these increases in nutrients did not seem to be 
directly transferred to organisms, or at least we were not able to detect consistent signiÞ cant shifts. A 
higher abundance of large phytoplankton occurred simultaneously or shortly after intense wave episodes, 
perhaps owing to resuspension. The opposite pattern, that is, a signiÞ cant descent in abundance, was seen 
for Synechococcus sp., autotrophic nanoß agellates and nanoeukaryotes (not shown). Short-lived (1-2 days 
long) signiÞ cant correlations appeared also with total chlorophyll (~3-week lag, positive correlation). 
Rainfall, river discharge and signiÞ cant wave height do have, nevertheless, multiple interactions. Most 
sudden river ß ushes are directly related to heavy rainfall, and extreme precipitation events are often 
driven by strong easterly winds, also responsible for rough seas. Aiming to clear up the extent of these 
interactions, or whether the geographical distance between our sampling station and the Besòs River 
(see Fig. 1) affected the time delay between the different processes, we also performed cross-correlations 
between the meteorological and hydrological time series.
First, we checked if the maximum correlation between rainfall and river discharge corresponded to 
time zero, that is to say, if both phenomena were simultaneous or there was a consistent delay between the 
start of precipitation and the peak in the Besòs discharge. Indeed, both variables proved to be signiÞ cantly 
correlated from day 0, but the maximum correlation coefÞ cient appeared with a delay of about 1-2 days 
(Fig. 10a). Second, we examined the correlation between the Besòs River discharge and salinity values 
registered in our sampling point. As reported in the previous sections, the prevailing current in the area is 
the south-westwards littoral drift. Consequently, despite the river is located a few kilometers north from 
the sampling point, potential nutrient or particulate inputs related to freshwater discharge may be partially 
advected southwards and reach Barcelonas coastal waters. Cross-correlating salinity and river discharge 
we could thus have an idea on how long it takes the river plume to reach the sampling station. According to 
the results (Fig. 10b), there is a signiÞ cant drop in salinity immediately after the river discharge that would 
match an expected lag of 6 to 8 h from rough estimations using current velocities. However, the largest 
correlation starts about 1 week later and extends to over 2 weeks, and we are left to speculate on such long 
delays (see discussion). 
One of the greatest impacts derived from urban development are waste water spills (EEA 1999, Crain et 
al. 2009). Our sampling station is indeed located between two storm sewer overß ows. Surprisingly, storm 
sewer overß ow data showed weak or non-signiÞ cant correlations with rainfall and river discharge (Fig. 
10c-d). This hints towards water releases at least in part uncoupled from meteorological forcing episodes. 
We do know that mismatches may come during the dry period when the sewer system is cleaned. We thus 
analysed the outß ow of one storm sewer located a few meters north of our sampling station (Fig. 1, inset) 
Chapter 1
74
PO4
3- NH4
+ H4SiO4
NO3
-
C
or
re
la
tio
n 
co
ef
fic
ie
nt
 (R
)
-1
-0.5
0
0.5
1
-1
-0.5
0
0.5
1
N:P TP
Chl
-1
-0.5
0
0.5
1
Chl >10µm Synechococcus sp.
ANF Bacteria HNF
-1
-0.5
0
0.5
1
0 5 10 15 20 25 30
PC
-1
-0.5
0
0.5
1
0 5 10 15 20 25 30
PN
Time lag (d)
0 5 10 15 20 25 30
Autotrophic C fraction
N = 57 N = 57 N = 57
N = 57 N = 57 N = 29
N = 56 N = 32 N = 28
N = 31 N = 28 N = 31
N = 26 N = 26 N = 26
Fig. 7. Cross-correlations between Besòs River discharge and some biogeochemical variables. 
On the Y-axis we have plotted the value of the correlation coefÞ cient (R), while the X-axis 
represents the time lag (in days). SigniÞ cant correlations are indicated by either black bars (p < 
0.01) or grey bars (p < 0.05). Abbreviations as in Table 2.
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bars (p < 0.01) or grey bars (p < 0.05). Abbreviations as in Table 2.
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and searched for cross-correlations with the rest of biogeochemical variables. Storm sewer waters seemed 
to be enriched in ammonium, silicate and nitrate, but such positive correlations with inorganic nutrients 
occurred with a puzzling 3-week lag (not-shown). A signiÞ cant positive effect on chlorophyll a could be 
also distinguished after ca. 3 weeks, concurrent with the increase in nutrients. However, the sequence 
of correlation coefÞ cients was, for most parameters, rather irregular, and due to the limited number of 
samples results should be taken with caution. In fact, it is likely that spills occurring as a consequence 
of routine ß ushing of the sewer network may alter the ecosystem, but the reported frequency of these 
cleaning procedures is rather low (3-4 times per year, G. R. Wilhelmi pers. comm.) as compared to rainfall 
episodes, so that on a three-year analysis the effects of precipitation would mask any other disruption.
Singular episodes
In order to further explore the response of the planktonic community as a function of physical forcing, we 
identiÞ ed isolated events comprising freshwater discharge or increased H
sig
 throughout the whole time 
series. We selected only those events with clearly disjoint episodes which occurred shortly (up to 7 days) 
before our monthly sampling. Longer lags were not considered to reduce the uncertainty of linking the 
observed dynamics to the prior physical phenomenon. Only a few events matched the criteria since, as 
previously pointed out, most intense storms in this part of the Mediterranean entail a combination of 
increased wave height, precipitation and river runoff.
Two episodes with large freshwater inß ow owing to both rainfall and riverine inputs and low wave 
heights were distinguished, one occurring in autumn (October 2006) and the other one in summer 
(August 2007). In October 2006, intermittent rain showers occurred the week prior to our sampling, 
and maximum river discharge was registered 5 days before the sampling date. Indeed, the water column 
was enriched in phosphate and silicate (both strongly correlated to rainfall and river ß ushes) and a low 
N:P ratio (N:P = 5.85) was found. The addition of nutrients did not seem to stimulate phytoplankton 
(chlorophyll a remained low, at ca. 0.50 g.L1) whereas bacterial concentration presented high values. 
We estimate that heterotrophic biomass (namely, bacteria and heterotrophic nanoß agellates) represented 
ca. 60% of total living biomass in the water column. Likewise, in August 2007, sustained rainfall and 
simultaneous river inputs were registered the week before our monthly sampling. The analyses showed the 
concentration of nutrients was not too high, yet the relative amount of nitrate, ammonium, and silicate (all 
three related to river inputs) was large, and the resulting N:P ratio swung around 44. Again, chlorophyll 
values were not too high, while bacterial abundance peaked over the annual mean. In short, despite the 
divergent environmental conditions prevailing during each of these two sampling times (different water 
temperatures, different light conditions and likely, different initial planktonic communities), none of 
these freshwater pulses was followed by large phytoplankton concentrations, yet simultaneous bacterial 
numbers were systematically high.
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Two additional contrasting events with increased H
sig
 but lacking freshwater inputs were identiÞ ed in 
November 2006 and May 2007. In November 2006 nutrient concentrations were low, particularly those 
of ammonium and nitrate, and the N:P ratio was 3, but a large chlorophyll peak emerged in the time series 
(1.65 g·L-1). A large fraction of this chlorophyll corresponded to large phytoplankton (chlorophyll >20 
m equaled 72% of total chlorophyll). Although neither bacteria nor heterotrophic ß agellates were in low 
numbers, carbon biomass calculations showed that heterotrophic organisms stood for less than 30% of 
total living biomass. In May 2007, phosphate and silicate were close to their annual mean values but the 
concentration of dissolved inorganic nitrogen was rather high (N:P ratio > 40). Chlorophyll concentration 
peaked (1.55 g·L-1), yet unlike in November, the fraction of chlorophyll >20 m did not surpass 40% and 
most of the phytoplanktonic growth was due to autotrophic nanoß agellates (Fig. 6c). Again, the abundance 
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Fig. 10. Cross-correlations between hydrological and meteorological data: (a) rainfall vs. lagged 
river discharge; (b) river discharge vs. lagged salinity; (c) rainfall vs. lagged storm sewer outß ow; 
(d) river discharge vs. lagged storm sewer outß ow. Again, black bars represent correlation 
coefÞ cients at a signiÞ cant level of p < 0.01, while grey bars are signiÞ cant at p < 0.05. 
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of bacteria and non-pigmented ß agellates was not particularly low (slightly over the annual mean), but 
heterotrophic biomass comprised only the 40% of total living biomass (measured in terms of carbon). 
Hence, regardless of the season and the dissimilar initial conditions, periods of intense sea wave height 
seemed to be followed by a large proportion of autotrophic cells.
Discussion
Nutrients and plankton
The existence of various mechanisms of nutrient enrichment, with different relative inputs of inorganic 
nutrients, was hinted by the correlation matrix. Silicate, phosphate and nitrate grouped together, but 
only the latter was related to ammonium. Accordingly, ammonium was slightly uncoupled from the rest 
of inorganic nutrients in most cross-correlation analyses. Indeed, nearshore waters in our study area 
seemed to be relatively enriched in ammonium. The ratio NH
4
+ : NO
3
- was on average 2.14 throughout the 
7-year period, and the background ammonium levels verged on 2 mol·L-1 (Fig. 5b, Table 1). High relative 
concentrations of ammonium can be expected in coastal locations exposed to the inß ux of urban sewage 
outfalls (EEA 1999 and 2001, Llorens et al. 2008). Further, the abundance of N-NH
4
+ with regard to 
N-NO
3
- seemed to beneÞ t bacteria over other groups of organisms, as suggested by the signiÞ cant positive 
correlation between bacterial numbers and the NH
4
+ : NO
3
- ratio. 
A tight bond appeared between nitrate and chlorophyll a, whereas total phosphorus, but not inorganic 
phosphate, correlated to chlorophyll. Given the variability of the N:P ratio throughout the year, it is likely 
that the uncoupling with phosphate and the correspondence between chlorophyll and nitrate were not a 
reß ection of N limiting phytoplankton growth and P being in excess, but rather an indication that, whenever 
released, labile phosphate was quickly consumed by the organisms (note that inorganic phosphate correlated 
to particulate carbon). Similarly, Guadayol et al. (2009) reported a mismatch between phosphate and 
chlorophyll concentration in Blanes Bay, while a positive correlation appeared with total phosphorus. The 
authors argued that this could be an indication of rapid phosphate uptake by organisms, and supported 
the hypothesis of luxury P consumption by nutrient-limited cells. However, in Blanes Bay the system is 
apparently defÞ cient in phosphorus and N:P ratios are typically over 16 (Pinhassi et al. 2006, Guadayol 
et al. 2009, Romero et al. submitted). This does not seem to be the general situation in Barcelona, where 
nutrient ß uctuations are larger and rapid shifts in nutrient limitations may occur. Alternatively, inputs 
of bioavailable DOP in the urban area of Barcelona could partially mask the correlations with inorganic 
phosphate. A greater load of dissolved organic matter, along with high ratios of ammonium to nitrate, 
may overall favour bacterial growth. In fact, according to cross-correlations, phosphate increases were 
registered shortly after rainfall and river inputs but the response of autotrophic organisms was delayed 
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and not systematic. In contrast, a positive trend appeared for bacteria soon after freshwater pulses. Note 
that the correlations with bacteria were rather consistent in time, although they were not statistically 
signiÞ cant (statistical signiÞ cance may have been partly hindered by the lower number of samples). Thus, 
bacteria could be rapidly proÞ tting from this fresh available phosphate and phytoplankton response, when 
existing, might be temporarily mismatched.
Small phytoplankton (autotrophic nanoß agellates, cyanobacteria and picoeukaryotes) were related to 
each other, and they were also positively correlated to water temperature, altogether showing seasonal 
adjustments. Moreover, bacteria were signiÞ cantly linked to heterotrophic ß agellates, but while ß agellates 
presented a positive relation with temperature (again, suggesting larger abundances in the summer 
period), bacteria did not. Indeed, bacterial peaks occurred any time during the year, and it seems that the 
positive correlation with heterotrophic ß agellates reß ects the importance of predation in the demise of 
bacterial peaks rather than a constant coupling with grazing pressure.
Effects of physical forcing on nutrient load
Although a certain seasonal signature is present in most of the measured biogeochemical variables, 
numerous peaks superimpose variability on the underlying annual pattern. The irregular precipitation 
regime in the area is a strong physical feature, and it drives increased river discharge as seen from 
cross-correlations between both variables (Fig. 10a). SigniÞ cant relations appeared at time 0, implying 
simultaneity, but maximum correlation coefÞ cients were obtained for lags of a few days. Lags on the order 
of days are consistent with the fact that river discharge not only depends on local rainfall, but depends on 
the distribution of rainfall over the entire drainage basin. However, the match between precipitation and 
river discharge is not complete as it is drawn from the slight differences on their relationships to nutrient 
levels. 
The concentration of nutrients increased in the study area following both rainfall and riverine inputs. 
Phosphate and silicate were largely released from rainwater or with subsequent terrestrial runoff, whilst 
peaks in silicate, phosphate, nitrate and ammonium occurred after river ß ushes (Figs. 7, 8). This distinct 
nutrient contribution might be related, to some extent, to underlying anthropogenic factors. When 
precipitation is not very intense, some runoff collected through sewer pipes may reach coastal waters in 
urbanized areas, but increases in river ß ow might be too low to become perceptible. Urban runoff is likely 
enriched in phosphate and organic substances (EEA 1999 and 2001, Suárez & Puertas 2005, Llorens et 
al. 2008, Ludwig et al. 2009), so that when freshwater inputs mainly consist of sewer water overß ows, 
we would indeed expect high values of inorganic phosphate. In contrast, the Besòs watershed comprises 
urban, industrial and agricultural land, and the river has many tributaries ß owing into the main stream 
close to its mouth. Agricultural and industrial wastes contain high concentrations of nitrate (EEA 1999 and 
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2001, Torrecilla et al. 2005, Garcia-Esteves et al. 2007), and that may explain why major nitrate increases 
are preferentially found following river discharge but do not appear after rainfall events. Nevertheless, 
river ß ushes induce increases in all nutrients, thus highlighting the diverse contribution of natural factors 
and human activities to the river ß ow.
The correspondence between the annual dynamics of river inputs and H
sig
 was less consistent, with some 
large peaks in river ß ushes coinciding with increases in wave height, but also showing several mismatches 
(Fig. 4). Accordingly, cross-correlations between both variables pointed to a moderate increase in wave 
height during, and shortly after, freshwater ß ushes, albeit when comparing H
sig
 with salinity, i.e. an 
unmistakable symptom of freshwater inputs, correlations were weak, thus reß ecting intermittent coupling 
throughout the year (data not shown).
Wave height was affected by wind speed (positive signiÞ cant correlations appeared a few days after 
sustained high wind velocities), but the correspondence was low due to large data dispersion. The 
generation of wind-driven waves depends not only on the intensity, but also on the duration and direction 
of dominant winds (Kinsman 2002). Due to the orientation of the coastline, prevailing northerly winds 
do not usually generate large waves, and rough seas are mostly sustained by easterly storms which may 
have been generated far away and not be apparent in local meteorological records. Further, ground swell 
reß ected in wave height is largely independent of local wind conditions and enhances the mismatch.
Occasional increases in H
sig
 also had a remarkable effect on the nutrient load, yet the response was not 
immediate (Fig. 9). A signiÞ cant positive link with silicate, nitrate and phosphate emerged with a time 
lag of ca. 1-2 weeks, while ammonium peaked slightly afterwards. The sampling station is located close to 
the city harbour, in an area of relatively low turbulence that is protected from violent storms by a series of 
submerged breakwaters. High waves may enhance the inß ow of open waters, favour mixing of the water 
column and induce some bottom resuspension. Accordingly, after some days of intense waves there was an 
increase in silicate, nitrate and phosphate likely owing to resuspended sediment. The inß ow of open waters 
during high wave episodes was also suggested by the cross-correlogram between H
sig
 and salinity, with a 
positive trend during the Þ rst 10 days (data not shown).
Trends in planktonic community dynamics after events
Following the analyses in Guadayol et al. (2009), where the authors describe a sequence of biological 
responses related to meteorological and resuspension episodes, we searched for lagged biological 
effects on several groups and bulk variables (chlorophyll a, bacteria, cyanobacteria, nanoß agellates and 
microphytoplankton). In contrast to the results in Guadayol et al. (2009), our data showed less general 
patterns. 
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None of the groups of organisms examined signiÞ cantly correlated to rainfall, although there was a 
consistent initial descent of all autotrophic organisms after precipitation (for ca. 1 week). This coincided 
with increasing trends in heterotrophic organisms (both bacteria and non-pigmented ß agellates). The likely 
enrichment in organic substances, ammonium and phosphate due to terrestrial runoff may have boosted 
bacterial growth over phytoplankton, ultimately favouring bacterial direct predators, i.e. heterotrophic 
nanoß agellates. A similar picture emerged when cross-correlations were performed with river discharge; 
a general negative trend on autotrophic organisms and chlorophyll concentration during the Þ rst days 
(although negative correlations were only signiÞ cant for Synechococcus sp. and nanoeukaryotes) and 
positive trends with bacteria.
Neither did H
sig
 promote a clear series of biological responses within our system, yet some differences 
with regard to rainfall and river inputs are noteworthy. Concurrent with events of high waves, there 
was a signiÞ cant increase in the concentration of chlorophyll >10 m and chlorophyll >20 m (i.e. 
microphytoplankton). Note that this positive effect seemed to be of particular importance to large 
phytoplankton, because the correlation with total chlorophyll was positive but non-signiÞ cant and some 
negative correlations appeared with small autotrophic organisms (Synechococcus sp. and pigmented 
nanoß agellates decreased signiÞ cantly after turbulent episodes). Contrary to the favourable effect over 
large autotrophs, H
sig
 did not show any signiÞ cant correlation with bacterial abundance, and it seemed to 
hamper the growth of heterotrophic ß agellates. Therefore, the overall response of the community to H
sig
 was 
opposite to the response pattern proposed after freshwater inputs. High waves and greater turbulence may 
induce sediment resuspension, particularly in shallow waters, and that would presumably increase nutrient 
load. Mixing may also favour resuspension of large phytoplankton cells from the bottom. High chlorophyll 
near-bottom layers (HCNBL) have been found in Barcelonas coastal waters during warm periods, mainly 
composed of big diatoms (Guallar & Flos 2009). Cells growth within these layers is fostered by vertical 
diffusion of nutrients from sediments, and they can act as seedling banks when resuspension events occur. 
Since light normally reaches the bottom at our sampling station, resuspended phytoplankton may be 
ready to compete with bacteria for available nutrients, starting a classical production peak. If increased 
turbidity does not hinder light availability to phytoplankton, the combination of higher turbulent mixing 
and nutrient load favours autotrophs, and especially large phytoplankton (Karp-Boss et al. 1996, Peters et 
al. 1998, Peters et al. 2006).
The fact that rainfall episodes and river ß ushes may favour bacteria and not phytoplankton contrasts 
with the results in Guadayol et al. (2009), where the fastest response after freshwater inputs corresponded 
to the autotrophic compartment, and bacterial growth seemed to be dependent on the freshly produced 
organic matter. There are however differences between Blanes Bay, where the aforesaid study was 
conducted, and Barcelonas coastal waters which support the existence of different biological responses. 
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Owing to its population density, Barcelonas nearshore waters are subjected to a variety of human impacts 
that largely surpass those affecting the town of Blanes. Storm sewer outß ow correlated to salinity drops 
with a lag of ca. 2 weeks (not shown), the same time lag for river discharge and some nutrients. This 
may hint at a buffered response of water collected throughout the city after a rainfall event that is later 
released. We have no certain evidence for such dynamics, albeit the cross-correlograms show that storm 
sewer outß ows are, at least in part, uncoupled from rainfall and river discharge. During the dry period, 
the composition of the water released in system cleaning procedures may have a potential high load of 
organic substances and faecal microorganisms (e.g. Marchand et al. 1989, Weiskel et al. 1996, Jiang et al. 
2001, Llorens et al. 2008). Besides, treated sewage discharge and greater tourism and shipping, ongoing 
construction work for the enlargement of the harbour and dredging for beach nourishment may all have 
an impact on the water column chemical composition and turbidity, eventually obscuring the effects of 
meteorological and hydrological forcing. Indeed, according to recent studies (Liquete et al. 2007), the 
anthropogenic overprint due to dredging and inÞ lling, sewage pipes placement and releases, and numerous 
coastline structures is particularly apparent along the littoral fringe that extends between the Besòs and 
Llobregat river mouths, where our sampling station is located. All add to the complexity to determine 
plankton dynamics in Barcelonas coastal area.
Finally, a number of studies have stressed the importance of the coupling between dissolved organic 
matter and water turbidity in determining which planktonic group may beneÞ t from episodic nutrient 
enrichments (Cloern 1987, Vaqué et al. 1997, Cloern 1999, Grémare et al. 2003, Guadayol et al. 2009). 
Grémare et al. (2003) tracked changes in the planktonic community following a severe winter storm in 
Banyuls-sur-mer (NW Mediterranean). Bacterial biomass and production were signiÞ cantly enhanced 
by the storm, whereas no effects were visible on phytoplankton abundances, and the authors claimed 
light limitation induced by sediment resuspension to be a determining cause. Likewise, turbidity and light 
attenuation were crucial in controlling phytoplankton growth in San Francisco Bay (Cloern 1987 and 1999). 
In Blanes Bay, an increase in turbidity followed river ß ushes, although it rapidly faded and did not manage 
to hamper phytoplankton growth (Guadayol et al. 2009). The situation is somewhat tricky in Barcelonas 
coastal waters. A moderate amount of suspended matter, as derived from human activities and the shallow 
water column, is to be expected in Barcelona, but the potential disadvantage for autotrophic cells might be 
easily overcome because (a) light is available down to the bottom and (b) during resuspension events, local 
sandy particles settle down fast. Further, wave action also resuspends phytoplankton cells, thus adding a 
competing interaction. When turbidity is mainly driven by terrestrial runoff and river discharge, however, 
Þ ner sediment fractions may be transported (partly on account of intrinsic lithological features of the 
Besòs River basin, Liquete et al. 2007 and 2009) and transient light attenuation can bring about bacterial 
advantage. Hence, there is no single univocal, systematic response.
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Coastal variability: a broader view
Cloern & Jassby (2008) emphasized the large intra- and interannual variability found in many coastal 
areas around the world. In order to compare our data with that in Cloern & Jassby (2008), we computed 
the two indices they propose: (a) the difference between the largest and smallest chlorophyll annual values 
in the series and (b) the timing of the annual chlorophyll maximum.
Chlorophyll at our Barcelona station ranged from 0.29 to 6.63 g·L-1, with an annual mean of 1.58 ± 
1.08 g·L-1. These are among the lowest values reported in their study, indicating a rather oligotrophic 
situation. Similar numbers were found for other locations in the Mediterranean or the Northern Adriatic. 
By contrast, the normalized range for Barcelonas coastal waters, i.e. the annual range divided by the annual 
mean, resulted in ca. 4.0; this value is greater than the median value (2.2) obtained for the whole data set 
in Cloern & Jassby (2008), and suggests large intra-annual variations. The normalized range in our study 
site is, however, skewed by an exceptional high chlorophyll value in 2003. If this is excluded, the calculated 
range decreases to 2.5. Regarding the timing of the annual maximum, we found the largest peaks in march, 
february and april. The year-to-year shift in timing was a common feature in many other locations, and 
provides further evidence on the complex dynamics associated with coastal waters. Hence, the annual 
variability observed in Barcelona is similar to that in many other coastal regions around the world.
The analysis of satellite-derived surface chlorophyll for the area of interest in the NW Mediterranean 
shows a southward latitudinal gradient of increased seasonality. This may be due to the Rhone River 
discharge that joins the Liguro-Provençal current adding variability, especially at small spatial scales, 
that fades away as the Rhone River water signal dilutes to the south. Coastal proximity adds another 
variability aspect to the data, probably because of local bottom morphology, river and rivulet discharges 
and many other local forcing phenomena. Blanes Bay, located north of Barcelona, has a lower seasonality 
index as expected from the latitudinal gradient. However, storms characterized by episodes of high wave 
height and/or river discharge have a high predictive power with regard to plankton dynamics, showing 
a consistent chain of effects (Guadayol et al. 2009). Phytoplankton responded to increased nutrients in 
about one week and were followed by peaks in bacteria and heterotrophic ß agellates. On the contrary, the 
Barcelona site has a somewhat larger seasonality index but the outcome of episodic physical forcings has a 
lower predictability and is characterised by a blurry sequence of events. The meteorological, oceanographic 
and geological framework (including key factors such as the wind and precipitation regime, light 
conditions or prevailing currents) is basically the same for both sites, and one would expect a somewhat 
similar biological response to common environmental drivers. However, a large difference remains in the 
anthropogenic footprint, much larger at the Barcelona site. This sets a system of proportionally higher 
ammonium and phosphate levels and lower silicate levels, all with respect to nitrate. Additionally, organic 
matter inputs may be also larger (Marchand et al. 1989, Howarth et al. 1991, Tolosa et al. 1996, Gray 
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et al. 2002). Such general conditions favour the response of bacteria to transient nutrient enrichments, 
and partly decouple phytoplankton chlorophyll from direct nutrient loads, ultimately decreasing system 
production predictability beyond an annual cycle background.
Concluding remarks
Meteorological and hydrological forcing in Barcelona induced varying responses within the planktonic 
community. Freshwater inputs seemed to favour bacterial growth, whilst waves and enhanced turbulence 
eventually promoted the increase of large autotrophs, yet none of these responses was systematic. As a 
result, we could not fully discern whether episodic disturbances led to overall autotrophy or heterotrophy, 
or if they mostly accelerated the predominant metabolism of the system at the time of forcing. This was 
not the case in Blanes Bay (Guadayol et al. 2009), not far from Barcelona and subjected to basically the 
same oceanographical and hydrological forcing. In Blanes, a predictable sequence of events in plankton 
dynamics started after forcing episodes. We attribute this difference between both locations to the larger 
anthropogenic footprint in Barcelona, which changes the ratios of the different nutrients released to the 
coastal area. No clear eutrophication signal is seen in Barcelona in terms of highly elevated chlorophyll, 
but it does seem that the nutrient and organic matter conditions favour heterotrophic components of 
plankton, which often respond to nutrient inputs before phytoplankton cells. Nevertheless, nutrient pulses 
into coastal waters are not very predictable, sometimes displaying signals a few weeks after the occurrence 
of forcing episodes. This may be due to a certain buffering effect of the urban area near the coast, which 
seems to strongly constrain the timing and intensity of nutrient inputs after forcing events. A reduction 
in the forcing variability or its intensity theoretically favours small picoplankton (auto and heterotrophic) 
against large phytoplankton, such as diatoms, that respond well to large inorganic nutrient pulses. Thus, 
paradoxically, a decrease in the variability of forcing conditions reduces the predictability in the response 
of plankton dynamics, that now depend more heavily on complex internal trophic interactions and delicate 
balances. This aspect is important from a theoretical as well as a practical point of view, because managers 
of large urban regions are increasingly pressed by society to foresee and prevent anthropogenic impacts in 
their coastal areas. In order to make further progress and improve predictive power in the littoral, we need 
to increase both the spatial resolution of monitoring stations and their sampling frequency, something that 
can hardly be achieved without the use of automatic remote stations. The problem is not different from 
weather forecast that depends strongly on local conditions in the previous hours to days.
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Two intensive surveys were conducted in the 
coastal waters of Barcelona (NW Mediterranean) 
to assess short-term variations of biological 
parameters with regard to changes in the 
environmental conditions. Each survey lasted 
1 week, with 3 to 4 samplings per day, and they 
were carried out at different times of the year. 
Rather than exploring extreme events, we aimed 
to study the effects of regular low-intensity 
perturbations, such as meteorological fronts, on 
the dynamics of the system during two periods 
of high variability in Mediterranean waters, i.e. 
autumn and spring. We focused on two particular 
attributes: turbulence, whose intensity may be 
strongly related to the passing of weather fronts, 
and nutrient inputs, whose variability in total load 
and relative composition is a central characteristic 
of coastal areas. The effects of the temporal 
coupling or decoupling of both factors were 
examined. Results showed that sudden nutrient 
ß uxes uncoupled from turbulent motion tended 
to favour heterotrophic bacteria and autotrophic 
picoplankton, while their concurrence with 
some water-column mixing shaped a favorable 
scenario for large autotrophs. Besides, under 
no other nutrient limitation, ammonium-rich 
environments fostered the growth of small-sized 
organisms (bacteria, ß agellates), whereas nitrate 
enrichments preferentially favoured diatoms. 
Ultimately, these two distinct biological responses 
pointed towards two main disturbance scenarios: 
episodes of nutrient enrichment uncoupled 
from mixing, mostly related to fugacious water 
spills from the nearby city, that contributed to 
high relative loads of ammonium and organic 
compounds; episodes of increased wind and water 
turbulence caused by passing weather fronts, that 
promoted some water-column mixing and the 
entrainment of nutrients from bottom sediments 
or from adjacent water masses.
Abstract
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Introduction
The need for adequate management of coastal areas is nowadays a worldwide indisputable issue. In the 
last decades, there has been a growing interest on the signiÞ cance of distinctive coastal features and a 
recognition of the value of the economic and aesthetic services that the littoral provides (EEA 1999, EEA 
2002). Recently, such growing appreciation has driven a commendable effort to have real-time and/or 
high-frequency data to monitor coastal processes (e.g. Hanson & Moore 2001, Sosik et al. 2003, Babin 
et al. 2005, Cullen 2008). Alas, the cost of high-resolution surveillance programs is still enormous and 
as a result of the tradeoff between costs and efÞ ciency, most coastal management programs dealing with 
biological variables are still based on bi-weekly, or else monthly sampling frequencies (e.g. DAlcalà et 
al. 2004, Guadayol et al. 2009a, Cloern & Jassby 2008 and references therein). Nonetheless, time-series 
of monthly samplings have proved very useful to assess the importance of intrinsic and human-induced 
coastal variability versus the characteristic seasonality of open sea waters (Cloern & Jassby 2008). 
Moreover, multi-year time-series of monthly measurements are a valuable tool to study the response of 
the community to severe episodic disruptions, such as rough seas or large river freshets. This is not a 
minor issue, because in many coastal locations seasonal variability of planktonic communities is largely 
overriden by the response to local forcing episodes. Response patterns to episodic forcing may be relatively 
clear and systematic (Spatharis et al. 2007, Guadayol et al. 2009a) or may be more complex in their nature 
and Þ nal outcome (Chapter 1), but surely constitute a distinguishing attribute to characterise the system.
Plankton day-to-day variability is, however, modulated by less intense physical perturbations. Tides are 
one of the major drivers of short time scale dynamics in coastal areas. Tides induce shifts in the direction 
and speed of currents, which in turn affect water-column mixing, turbidity and planktonic populations. 
There are numerous examples on how physical and biological shifts are phased with tidal cycles (e.g. 
Kamykowski 1974, Franks & Chen 1996). Cloern (1991) demonstrated that phytoplankton biomass changes 
and episodic blooms in south San Francisco Bay coincided with ß uctuations in tidal energy; changes in the 
distribution and density of zooplankton, Þ sh and benthic invertebrates fostered by tidal currents have also 
been reported elsewhere (e.g. Alldredge & Hamner 1980, Wooldridge & Erasmus 1980). 
Notwithstanding, tides in the NW Mediterranean are very weak (maximum tidal amplitudes barely 
exceed ~25 cm) and their effect is overshadowed by the wide set of disturbances present in urbanized 
nearshore environments. In the absence of strong tides, weather fronts are one of the recurrent, low-
intensity perturbations that most affect coastal dynamics. Regardless of their type, fronts entail shifts 
in atmospheric pressure and dominant winds, and their passing is often related to overall increased 
instability. Apart from heavy weather fronts that feature thunderstorms and intense rainfall, mild fronts 
causing shifts in the wind direction can enhance swell and turbulence in shallow coastal waters (e.g. Arnau 
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et al. 2004). Mixing processes inß uence water temperature, salinity and the concentration of organic and 
inorganic compounds, which can be resuspended from the bottom sediment. Moreover, the closeness 
to land favours additional nutrient inß ows -due, for instance, to runoff- which may be detached from 
turbulent motion.
Hence, at coastal sites, both turbulence and nutrient concentrations can change on a time scale of hours 
to days, and they may induce transient variations in growth, ß uctuations in biomass, or bias competition 
among species. Previous Þ eld and laboratory studies have shown, for instance, that intermittent nutrient 
supply can dramatically change phytoplankton community composition (Spatharis et al. 2007, Roelke et 
al. 1999), that shifts in mixing regimes can lead to changes in competition between fast and slow sinking 
species (Pinckney et al. 1999, Kiørboe 1993), or that light attenuation due to inputs of suspended matter 
can affect planktonic growth and community structure (Alpine & Cloern 1988, Grémare et al. 2003). 
Nonetheless, the combined effect of these factors on the dynamics of the whole community is still poorly 
understood, particularly if we disregard the more extreme events and consider only episodes in which the 
intensity of the forcings is moderate or low.
 Pannard et al. (2008a) underlined the importance of short-time scales for the understanding of 
the functioning of coastal systems, and the grievous lack of this type of studies in the Þ eld. Although 
phytoplankton dynamics in laboratory experiments, or in mesocosms, are mainly studied on short-time 
scales, in situ dynamics of natural communities are generally explored using lower sampling frequencies. 
Unfortunately, speciÞ c experimental results are not always easy to extrapolate to natural systems, because 
experimental simulations are often conceived to mimick extreme conditions and set up maximum response 
thresholds. In this regard, Olsen et al. (2001) tested the response of natural communities to variable 
nutrient doses both in closed (mesocosms) and open systems in several coastal locations across Europe. 
The biological response patterns were similar between experimental and open systems, yet some deviations 
were found in those subsets exposed to the lowest nutrient amendments. Therefore, the authors argued 
that experimental results were particularly adequate to approach the effects of large disruptions, which 
may be relevant for extreme episodes, but are not representative of frequent, low intensity perturbations.
Furthermore, the response of the organisms to environmental perturbations has been shown to depend 
on the initial composition and structure of the planktonic community (Estrada et al. 1987, Guadayol et 
al. 2009b). As a result, seasonal variations in the dominant groups may inß uence the response to short-
term physical forcing. In parallel to this biological variability, seasonality is an important issue to consider 
with regard to the frequency of meteorological and hydrologic phenomena. The hydrological regime of 
the Mediterranean Sea has been extensively studied (e.g. Bethoux & Prieur 1983). The water column 
is well stratiÞ ed in summer, well mixed in winter, and transition periods of stratiÞ cation occur during 
spring (March-April) and late fall-early winter (November-December). These transient periods in the 
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hydrological regime are highly related to community dynamics (Bustillos-Guzmán et al. 1995), and thus 
particularly interesting to assess the links between physico-chemical and biological variables. In this sense, 
Marty et al. (2002) noted that springtime stratiÞ cation in the NW Mediterranean is usually established by 
stages due to frequent short-term wind events. These successive periods of stratiÞ cation separated by wind 
events that bring nutrients up to the surface layer can allow the development of phytoplankton production 
peaks, whose intensity is linked to the intensity and duration of the wind events.
In the present study, short-term variations of biological parameters were studied with regard to changes 
in the environmental conditions. Rather than exploring extreme events, we aimed to assess the effects of 
regular low-intensity perturbations, such as meteorological fronts, on the planktonic community during 
two distinct periods (autumn and spring). We focused on two particular attributes: turbulence, whose 
intensity may be strongly related to the passing of weather fronts, and nutrient inputs, whose variability in 
total load and relative composition is a central characteristic of coastal areas. The effects of the temporal 
coupling or decoupling of both factors were examined. A further challenge was to ascertain the direct link 
between physico-chemical forcing and biological shifts, which is often presumed, yet hard to evidence, 
with data collected at larger intervals (i.e. monthly studies). 
Materials and methods
Study area
We conducted two surveys in Barcelonas littoral (41°22.914′ N, 2°11.970′ E), in the NW Mediterranean 
coast. The sampling station is located offshore of the city of Barcelona, in a shallow site (about 10m depth) 
featuring a soft, sandy bottom. The main current in the study area is the south-westwards littoral drift, 
a derivative of the Liguro-Provençal Current that is the prevailing oceanographic current in the Catalan 
margin (Font et al. 1988, Flexas et al. 2002). The main oceanographical, geological and hydrographic 
features of Barcelonas continental shelf are extensively reviewed in Liquete et al. (2007).
The city exerts a continuous pressure on the adjacent marine system, and major disturbances are linked 
to human activities such as construction works in ports and harbours, widespread recreational sailing, 
anchor dragging or dredging for beach nourishment. Besides, the study area is located between the mouth 
of two large rivers, the Besòs River to the north and the Llobregat River to the south (Fig. 1). Their catchment 
basins occupy a large part of the catalan territory, comprise industrialized areas and house over 4.6 million 
inhabitants (ACA 2005). The rivers and their tributaries integrate a series of anthropogenic impacts which 
can thus be directly conveyed to coastal waters through riverine inß ows. Additionally, two storm sewer 
overß ows are placed at a close distance from our sampling site (Fig. 1). Storm overß ows are used to release 
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freshwater during intense storms, when runoff exceeds the capacity of the citys sewer system. Therefore 
they represent an intermittent, yet heavy, disruption into nearshore waters. Notwithstanding, nutrient and 
chlorophyll concentrations in the area are generally low, and the region has not shown so far severe signs 
of eutrophication.
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Fig. 1. Study area. The city of Barcelona is located between the mouths of the Besòs River (north) 
and the Llobregat River (south). Our sampling station, along with the two complementary sites 
where CTD proÞ les were obtained, are marked with black squares. Grey areas indicate urbanized 
land; white squares with crossed lines stand for meteorological stations, grey circles represent wave 
buoys. The inset map shows a zoom on the sampling site, with the sewer overß ows located north 
and south of the sampling station. Outß ow data was obtained from one of them (tagged with a black 
circle). Long straight lines near the coastline represent marine outfalls.
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Sampling scheme
We carried out two intensive surveys: the Þ rst one took place in autumn (November 2005) and the second 
one was conducted in spring (April 2006). The samplings were carried out at different times of the year 
so that we could ascertain seasonal differences in the short-term response of organisms to in situ physical 
and/or chemical disturbances.
A common sampling scheme was applied: each survey lasted 1 week, with 3 to 4 samplings per day (one 
every three hours, starting at 9 am). There is, on average, one meteorological front every 4 to 8 days in this 
part of the Mediterranean, so we expected that 1-week surveys would catch, at least, the passing of one 
front. In brief, sub-surface waters (3m depth) were sampled by means of a Niskin bottle and immediately 
transfered to 2.5 liter polycarbonate carboys. The carboys had been acid-washed and thoroughly rinsed 
with milli-Q water and sample water, and were transported to the laboratory under dim light within 15 
minutes. CTD vertical proÞ les were obtained at the station and at two more stations located nearby (Fig. 1) 
to detect changes in the water masses that could mislead the interpretation of the results.
Hydrological and meteorological data
Meteorological data was kindly provided by the Spanish Meteorological Agency (www.aemet.es). Data 
came from a meteorological station located at the seafront (41°23.45′ N, 2°12.08′ E, 21m height), nearby 
our sampling site (Fig. 1). They supplied hourly-accumulated rainfall and hourly-averaged data for air 
temperature, irradiance, wind speed and wind direction. Wind parameters consisted of vector averages 
and were measured at 10m above the ground. In addition, we used data from the Catalan Meteorological 
Service (www.meteo.cat). This supplementary set of parameters was retrieved from an automated 
station located in the outskirts of the city (41º25.104′ N, 2º 7.434′ E, 411m height), and included hourly-
accumulated rainfall and hourly averages for air temperature, air pressure, irradiance, wind speed (10m), 
wind direction (10m) and relative humidity. Again, wind parameters consisted of vector averages. 
When necessary, detailed measurements (data per minute) of wind speed and wind direction were 
acquired from a meteorological station placed at the Institut de Ciències del Mar (41º23.102′ N, 2º11.742′
E) and were used to verify/cross-check hourly patterns. 
Oceanographic parameters (wave height, wave period and water temperature) came from a directional 
wave buoy deployed southwards of our sampling station (41º19.3 N, 2º12.4 E, Fig. 1) over a depth of 
68.5m (REDCOS network, Puertos del Estado, www.puertos.es). Data from a second buoy placed near the 
Llobregat river mouth (41 16.69 N, 02 08.48 E, 45m depth, XIOM network, Generalitat de Catalunya, 
www.boiescat.org) were used to Þ ll occasional gaps in the time series, applying a simple linear model that 
accounted for >96% of the variance. Both buoys provided hourly-averaged data. 
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Further, during the Þ rst survey, small-scale turbulence was measured continuously with a Vector 
acoustic doppler velocimeter (Nortek AS) deployed 3m deep at the sampling station. Turbulence was 
estimated from spectral analysis of velocity time series (for details on the method, see Garcia et al. 2005). 
A good correspondence was found between these measurements and wave data coming from the buoys. 
Storm sewer outß ow data was supplied by Clavegueram de Barcelona S.A. (CLABSA). Barcelonas 
sewer system has a number of underground rainwater tanks to collect rainfall and terrestrial runoff for 
ß ood prevention and routine sewage disposal. When large downpours occur that exceed the capacity of 
the system, however, part of this water is released into the sea through these coastal drainage pipes. We 
obtained data from their station L20 (41°23.516′ N, 2°12.160′ E, Fig. 1), north of our sampling site.
Atmospheric deposition
Between the Þ rst and the second sampling survey, we observed that several construction works near the 
seafront could potentially pose a signiÞ cant contribution of particute matter into the sea via atmospheric 
deposition. To roughly assess the short-term impact of airborne particles on the concentration of nutrients 
in the seawater, we exposed acid-washed polypropylene tubes containing 20 to 25 mL of seawater to the 
open air for 24h. The tubes were randomly disposed within a test tube rack, and placed on the roof of 
the building at the Institut de Ciències del Mar, which is right in front of the sampling station (Fig. 1). 
Samples were collected daily, and dissolved inorganic nutrients, i.e. phosphate, nitrate, nitrite, silicate and 
ammonia, were analysed before and after the exposure. Closed tubes were used as controls. Due to the 
dependance of the results upon spatial variation, the minimum number of tubes needed to obtain a good 
estimate of daily atmospheric inputs was previously calculated. 
Biological and chemical water-column parameters
A complete set of biological and chemical variables was analysed to characterise the water column, 
comprising both data on chemical properties and several groups of organisms within the plankton. Salinity, 
turbidity and water temperature proÞ les were obtained from CTD casts.
Chemical variables
Dissolved inorganic nutrient concentrations were determined spectrophotometrically with an Alliance 
Evolution II autoanalyzer following standard procedures (Hansen & Koroleff 1999). Samples were kept 
frozen at -20ºC until analysis.
Particulate organic carbon and nitrogen (hereafter, POC and PON) were collected on pre-combusted 
Whatman GF/F Þ lters (up to 1000 mL). Samples were immediately frozen in liquid nitrogen and stored 
at -80ºC until analysis. Measurements were performed with a Perkin Elmer 2400 CHN analyzer. An 
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acetanilide standard was used daily. The precision of the method is ±0.3 μmol C L-1 and ±0.1 μmol N L-1.
Total phosphorus (TP) was determined by wet oxidation and colorimetry (Hansen & Koroleff 1999). 
In short, 25 ml aliquots were mixed with 2 ml of the oxidant reagent in glass vials, and autoclaved at 
121ºC for 30 minutes. The vials were cooled down to room temperature, then 600 l of ascorbic acid 
were added and left to act for two minutes. We Þ nally pipetted 600 l of the combined reagent into each 
vial and kept samples in the dark for 15 minutes. Readings were done at 880 nm with a CaryWin UV 
Spectrophotometer.
Total organic carbon and total nitrogen (TOC and TN, respectively) were measured with a Shimadzu 
TOC-VCSH analyzer equipped with the additional Total Nitrogen Module, as described in Nieto-Cid et al. 
(2005). Samples of approx. 10 mL of water were collected in pre-combusted (450ºC, 12 h) glass ampoules 
and immediately acidiÞ ed to pH < 2 by adding H
3
PO
4
. The ampoules were heat-sealed and stored in the 
dark at 4ºC until analysis. The basic principle for the quantitation of total organic carbon relies on the 
destruction of organic matter, either chemically or via heat at high temperatures. We used a catalytically-
aided platinum 680°C combustion technique. Brieß y, all carbon and nitrogen compounds in the sample 
are oxidized and burnt at 680ºC, so that TOC and TN values are obtained by measuring the resulting 
gaseous forms (CO
2
 and NO
2
 respectively). The system was standardized daily with a potassium hydrogen 
phthalate standard. The accuracy of the analyser was tested with the DOM reference materials provided 
by Prof. D. Hansell (University of Miami). Detection limits for carbon and nitrogen were 4 g C ·L-1 and 5 
g N ·L-1, respectively.
Biological variables
Total chlorophyll a and chlorophyll >10 m were determined ß uorometrically following the methods in 
Yentsch & Menzel (1963). For total chlorophyll a, we Þ ltered 20-40 mL samples through Whatman GF/F 
glass Þ ber Þ lters; for the >10 m fraction, 30 to 50 mL samples were Þ ltered through 10-m pore size 
Whatman Nuclepore polycarbonate Þ lters. Filters were immersed in acetone (90% v/v) and left in the dark 
(4ºC, 24h) to allow for pigment extraction. The ß uorescence of the extract was measured with a Turner 
Designs ß uorometer. All samples were done in duplicate.
Abundances of bacteria and autotrophic picoplankton were determined by ß ow cytometry (Gasol & del 
Giorgio 2000). Samples (1.8 mL) were preserved with 1% paraformaldehyde and 0.05% glutaraldehyde 
(Þ nal conc.), deep frozen in liquid nitrogen and stored frozen at -80ºC. For bacteria, subsamples of 200 
L were stained with SYTO13 (Molecular Probes) at 2.5 mol L-1 (diluted in DMS), left 15 minutes to 
stain in the dark and then ran at low speed (ca. 12 L min-1) through a ß ow cytometer. We used a bench 
FACScalibur machine (Becton & Dickinson) with a laser emitting at 488 nm. As an internal standard, we 
added 10 L per sample of a 106 mL-1 solution of yellow-green 0.92 m latex beads (Polysciences). Bacteria 
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were detected by their signature in a plot of side scatter versus FL1 (green ß uorescence).
For nano and picophytoplankton, subsamples of 600 L were left unstained and ran at high speed 
(approx. 60 L min-1). A volume of 10 l of a 106 mL-1 solution of latex beads was again used as an 
internal standard. Cyanobacteria and picoeukaryotes were discriminated in a plot of FL1 versus FL3 (red 
ß uorescence). As a cross-control to determine the concentration of cells and to ensure stability of the ß ow, 
the ß ow speed was calibrated every 10 samples by measuring sample volume before and after a 10 min 
run. 
Autotrophic and heterotrophic nanoß agellates were enumerated by epiß uorescence microscopy (Porter 
& Feig 1980). Samples were Þ xed with glutaraldehyde (1% Þ nal conc.), stained with DAPI (5 g mL-1) and 
Þ ltered on 0.8 m black polycarbonate membranes. The Þ lters were subsequently mounted on microscope 
slides and kept frozen at -20ºC until enumeration. A Nikon Labophot epiß uorescence microscope at 
x1250 magniÞ cation was used for the counting. Circa 180 to 200 organisms were counted on each Þ lter. 
We measured the size of the cells using a calibrated ocular micrometer and sorted the organisms into 
4 categories (<4 m, 4-8 m, 8-16 m, >16 m). Autotrophic and heterotrophic nanoß agellates were 
distinguished by the red ß uorescence of chlorophyll under blue light.
Samples for microphytoplankton were Þ xed with a formalin-hexamine solution (0.4% Þ nal conc.) and 
kept at 4ºC until analysis. Organisms were identiÞ ed and counted in 50 cm3 settling chambers using an 
inverted microscope at x100 and x400 magniÞ cations (Utermöhl 1958). Dominant phytoplankton was 
sized (length and width) and classiÞ ed to the lowest possible taxonomic level.
Plankton biomass. Chlorophyll a values were converted to carbon using a factor of 50 g of carbon per g 
of chlorophyll. Delgado et al. (1992) reported similar estimates for chlorophyll biomass in surface waters of 
the NW Mediterranean. Bacterial biomass was obtained by ß ow cytometry following the methods in Gasol 
& del Giorgio (2000); we used a carbon conversion factor of 0.35 pg C m-3 (Bjørnsen 1986), which resulted 
in an average value of 21 fg C cell-1. For cyanobacteria, the average cell volume was established assuming 
a spherical shape: we considered a diameter of 1 μm for Synechococcus sp. (Agawin et al. 1998) and of 0.7 
μm for Prochlorococcus sp. (Vaulot et al. 1990, Gasol & del Giorgio 2000). A mean carbon content of 0.357 
pg C m-3 (Verity et al. 1992) was used for Synechococcus sp., while a value of 0.35 pg C m-3 (Bjørnsen 
1986) was assumed for Prochlorococcus sp. Cell volume of nanoß agellates was established from the mean 
value of each size category, assuming a prolate spheroid shape. In this latter case, conversion to carbon was 
derived from the equation by Verity et al. (1992): pg C cell-1 = 0.433 · (m3)0.863.
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Fig. 2. Environmental conditions during the Þ rst survey in November 2005; (a-h) air temperature, water 
temperature, atmospheric pressure, irradiance, wind speed, wind direction, signiÞ cant wave height, rainfall 
and storm sewer outß ow. SigniÞ cant wave height was obtained from a buoy (g, black line) and from a Vector 
acoustic doppler velocimeter deployed at the sampling station (g, grey line). Rainfall refers to daily accumulated 
rainfall (h, black line) while sewer outß ows are measured as increases in the water level (h, grey line). The 
shaded area indicates the sampling period. 
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Statistics
Pearson r coefÞ cients are given for correlation analyses between variables; due to its robustness with 
large data sets, Pearson r was also used for parameters which presented slight deviations from normality 
provided that the sample size was large enough. For those variables with a low number of samples (n < 
25), non-parametric correlation analyses were performed and Spearman rho coefÞ cients are given instead. 
To detect delays in the response of the organisms with regard to the physical forcing, we performed 
cross-correlations (as described in Guadayol et al. 2009a). Due to the lack of biological and chemical 
data at night, cross-correlograms showed slightly serrated peaks; we smoothed these notches by linearly 
interpolating a few points at night hours, and checked that interpolated data did not affect the outcome 
of cross-correlations. For simple comparisons between periods, two-tailed Students paired t-tests were 
performed. Statistical analyses were done with Statistica version 6 (StatSoft Inc., Tulsa, OK, USA) and 
JMP version 8 (SAS Institute Inc., Cary, NC, USA). CTD proÞ les were plotted with Ocean Data View (ODV 
v.3.4.3, AWI, Germany).
Results
I. Autumn survey
Background conditions
Meteorological conditions were in accordance with those expected for the region at that time of the year. 
Wind speed ranged from 2 m·s-1 to nearly 14 m·s-1, and maximum wind speed values were registered 
towards the end of the sampling survey (9-10 Nov.), coinciding with the arrival of a strong cold front 
(SMC monthly bulletins, Catalan Meteorological Service). Despite large hourly variability, winds showed 
a regular daily pattern with lower velocities around midday (ca. from 10h to 17h) and higher values at 
nighttime. This regularity was particularly evident during the central days of the survey (5-8 Nov.) and 
matched with a daily periodicity in wind direction: prevailing NW winds shifted to S-SW from around 
midday until the afternoon (Fig. 2). This pattern corresponds to the typical daily breeze regime (locally 
known as marinades, Martínez Albaladejo 1996). Regular daily breezes vanished on 9 Nov., and wind 
direction changed abruptly to sustained E winds from 10 Nov., when the weather front fully reached the 
study area. Apart from shifts in the wind direction and higher wind velocities, the passing of the cold 
front entailed quick changes of atmospheric pressure, increased turbulence in the water (signiÞ cant wave 
height (H
sig
) reached maximum values) and some precipitation (Fig. 2). Shortly after rainfall there were 
freshwater spills from the two storm sewer overß ows located close to the sampling station (Fig. 2). The 
drop in salinity could be observed in the CTD proÞ les (Figs. 3-4).
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Air temperature ranged from 11 to 20ºC, and water temperature decreased steadily, approx. 1ºC 
throughout the week. Note that although maximum swell was coupled to frontal E winds, there was a local 
peak in H
sig
 on 5 Nov.
Nutrient availability
Shifts in nutrient concentrations seemed to be somewhat delayed with regard to meteorological phenomena 
(Fig. 5). Most physical conditions (i.e. wind speed and direction, atmospheric pressure, H
sig
) ß uctuated 
during the Þ rst two days, showed a certain stability and regular daily patterns during the central part of 
the survey (5-8 Nov.) and featured sudden changes following the passing of the cold front. In contrast, the 
concentration of nutrients was low during the Þ rst 3 days of the survey (with the exception of silicate) and 
a general increase occurred between 5 Nov. and 6 Nov., particularly evident for nitrate. Hence, the shift in 
nutrient dynamics was observed on 6 Nov., one day after the onset of stable meteorological conditions. All 
inorganic nutrients remained high up to the last day except for nitrate, whose concentration dropped off 
following the inß ow of rain waters. 
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Fig. 5. Inorganic nutrients during the survey in November 2005. Top left to bottom right: (a) phosphate, (b) 
ammonium, (c) nitrate and (d) silicate.
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Table 1. Summary of environmental conditions during each of the three periods distinguished for 
the autumn sampling. Values in parentheses correspond to the average ± standard deviation of the 
corresponding variable for the speciÞ c period. 
Concentration of nutrients (mol·L-1)
Period Date Physical conditions PO
4
3- NH
4
+ NO
3
- H
4
SiO
4
P1
3-5 
Nov
low wind speed (3.3 ± 2.1 m·s-1)
W-SW winds
moderate swell (H
sig
 = 0.46 ± 0.15 m)
0.12±0.05 1.25±0.31 0.30±0.11 1.60±0.29
P2
6-8 
Nov
moderate wind speed (5.6 ± 2.9 m·s-1)
regular breeze regime
moderate swell (H
sig
 = 0.34 ± 0.10 m)
0.23±0.08 1.64±0.29 1.00±0.14 1.55±0.18
P3
9 
Nov
high wind speed (9.7 ± 1.9 m·s-1)
N, E winds
high swell (H
sig
 = 1.15 ± 0.10 m)
rainfall
0.22±0.05 1.48±0.01 0.20±0.04 1.14±0.01
Dynamic variations in the concentration of nutrients led to changes in the elemental ratios. Based upon 
the trends observed for the environmental factors, we distinguished three different periods (Table 1): the 
Þ rst days, featuring low winds, weak swell and low nutrient concentrations; a stable period (6-8 Nov.) 
displaying marked daily breezes, larger variability in air temperature and H
sig
, slightly higher salinity and 
higher nutrient concentrations; and the last day (9 Nov.), during which the cold front fully reached the 
sampling plot and abrupt changes in both turbulence and available nutrients followed rainfall and/or 
freshwater inß ows. Fig. 6 shows nutrient and elemental ratios averaged for each of these three periods. 
N:P values swung initially around 16, but decreased steadily over the following days; in contrast, Si:N 
dropped abruptly from ~1 to 0.52 between the Þ rst and second period, and Si:P decreased from 15.75 to 
7.73. Breaking down the various N components, we can see that inputs of nitrate and ammonium were 
mismatched: the quotient NH
4
+:NO
3
- was ca. 5 during the Þ rst days, slumped to 1.64 after 6 Nov. and 
increased again (~7.7) following freshwater inputs. 
We further measured TOC, TN and TP to assess the relative importance of the inorganic fraction and to 
explore whether there were shifts in the partitioning following changes in the environmental conditions. 
Results showed low variations in the concentration of TOC and TN throughout the survey, but a clear 
increase of TP from 5 Nov. (Fig. 7). The mismatch between TN and inorganic N compounds suggests that 
an important part of the N pool was in the form of organic substances (as it had also been shown in the 
Autumn survey
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nearby area of Blanes, Lucea et al. 2005), and that the concentration of these organic substances, along 
with that of C compounds, was high enough to buffer changes related to low disturbances. In contrast, 
most phosphorus was in the form of inorganic phosphate (on average, PO
4
3- : TP ~ 0.6±0.2). 
Plankton dynamics
The three distinct periods established upon major shifts in the environmental conditions (Table 1) are of 
help to describe the community dynamics. Indeed, major variations in the concentration of organisms 
were naturally well-adjusted to changes within the water column. Two major trends emerged:
(a) Pico and nanoplankton, either autotrophic or heterotrophic, were abundant during the Þ rst days of 
the survey, but decreased after the injection of nutrients on 6 Nov. Synechococcus sp. and Prochlorococcus 
sp. showed the largest variations (Fig. 8), although the descent of nanoß agellates, and particularly of 
heterotrophic nanoß agellates, was also signiÞ cant (paired t-test for periods 1 and 2, p<0.05). Bacterial 
numbers decreased as well after the Þ rst days, but the decay was progressive. In contrast, the average 
concentration of picoeukaryotes did not seem to be much affected by changes in the environmental 
conditions (from 4 103 cells·mL-1 to 3.6 103 cells·mL-1) and shifts were mostly related to the daily dynamics 
of the cells. Note that picoeukaryotes displayed regular daily patterns until 6 Nov., but this cycling partly 
disappeared afterwards. The steady decrease of picoeukaryotes that we observed in the daytime matches 
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the diel cycles described in the literature for these organisms (i.e. cells divide at dusk and they are cropped 
by grazers during the day, Jacquet et al. 1998 and references therein).
(b) Total chlorophyll a, as well as the fraction of chlorophyll >10 m, increased after 6 Nov. and thus 
seemed to respond positively to the rise in wind, swell and nutrients observed during this second period 
(Fig. 8). Total microphytoplankton abundances increased throughout time, with a clear dominance of 
diatoms over the rest of groups (Fig. 9). Increases in chlorophyll and large autotrophic organisms boosted 
the concentration of particulate organic matter, and both POC and PON  increased ~30% with regard to 
the average value of the Þ rst 3 days (data not shown).
Linkage between physico-chemical parameters and biological variables
Relationships between physico-chemical parameters and biological variables were primarily explored by 
means of correlation analyses. The corresponding correlation matrix is shown in Table 2. All inorganic 
nutrients were signiÞ cantly related to each other and to TP (except for silicate), and they were positively 
correlated to chlorophyll and chlorophyll >10 m and negatively correlated to cyanobacteria, bacteria 
and heterotrophic nanoß agellates. POC, PON, total biomass and the fraction of autotrophic C were 
also positively correlated to most inorganic nutrients and TP. With regard to the physical forcing, 1-day 
accumulated rainfall positively affected the quotient NH
4
+:NO
3
- and the concentration of TN, but was 
inversely related to silicate. Further, both rainfall and wind speed showed positive links with chlorophyll 
and negative ones with bacteria, cyanobacteria, picoeukaryotes and small ß agellates, albeit not all 
correlations were statistically signiÞ cant. Note that 1-day accumulated rainfall matched wind speed (R = 
0.69), but while wind velocity was positively related to the ratio of autotrophic biomass to total biomass, 
rainfall did not show signiÞ cant correlations with any biomass parameter. Correlations between H
sig
 and 
biological variables did not render statistically signiÞ cant results.
Notwithstanding, when addressing biological shifts and community dynamics on the order of a few hours 
up to a few days, as intended with our intensive survey, the information that can be inferred from direct, 
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instant correlations is somewhat limited. Rather than showing the response of organisms to environmental 
changes, these correlations unveil joint processes, that is, variables that change simultaneously either 
because they are similarly affected by an external factor, or because there is a straight, immediate bond 
between them. Indeed, only when the sample size is large or there is a sharp gradient in the physico-
chemical conditions (for instance, in long-term studies with monthly measurements, or when comparing 
contrasting subsystems) basic correlations may be useful to assess causal links between environmental 
factors and biological variables. Otherwise, alternative tools might be used. For this reason, we additionally 
performed cross-correlation analyses. A cross-correlation is a mathematical method to estimate the 
covariation of 2 time series as a function of the time lag between them. Albeit this analysis usually requires 
datasets with the same sampling frequency, Guadayol et al. (2009a) have shown its usefulness to examine 
data collected at different intervals.
Cross-correlations were performed between the hydrological and meteorological time series and the 
biochemical dataset coming from the samplings. Roughly, lagged correlations conÞ rmed the trends 
observed with previous analyses, but added some information on the temporal match of the variables. 
According to cross-correlations, there was an increase in phosphate and dissolved inorganic nitrogen (both 
NH
4
+ and NO
3
-) following increases in wind speed (Fig. 10), but they were only signiÞ cant after ca. 24h and 
up to 72h. No clear effects were seen for silicate. The positive effect of wind speed on chlorophyll (and 
particulate organic matter) and the overall negative effect on bacteria did also happen within a time frame 
of 24-72h. Similar, but more confusing patterns were observed between wave height and water-column 
parameters (to avoid redundant information, results have not been included). Unclear effects of swell as 
compared to those of wind may be due to the high peak of H
sig
 at the very end of the survey, which likely 
biased the correlations, and to the fact that wind shifts related to daily breezes were not completely tuned 
in to changes in H
sig
, whose values remained much steadier. Additional cross-correlations were performed 
with rainfall and with the outß ow of storm sewer pipes, but results proved inconsistent due to the lack of 
valid data: values for both variables were zero until the last day of the survey, and only two samplings took 
place afterwards.
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II. Spring survey
Background conditions
Unlike the autumn samplings, the spring survey coincided with a low pressure system and sustained 
eastern winds, and the combination of both factors led to heavy seas and increased turbulence in the water 
(Fig. 11). Wind increased steadily from 21-24 Apr., peaked in the morning of 24 Apr. and then decreased 
progressively until 27 Apr. Wave height depicted the same pattern, even more distinctly, but it was slightly 
delayed with regard to wind: maximum H
sig
 occurred on the 25th, then values decreased until the end of 
the survey. Sea breezes were minimal during the low pressure system, although some day-night differences 
in wind direction were observable (Fig. 11). Clear day-night cycles were seen for air temperature (values 
ranged from 10ºC to ca. 24ºC). Water temperature varied between 14.6ºC and 16.7ºC. On average, both 
air and water temperature tended to increase throughout the sampling period. Similar to what happened 
during the Þ rst sampling week, it did not rain until the last day of the survey.
Nutrient availability
Nutrient dynamics during the second survey seemed to be somehow uncoupled from main environmental 
changes (Fig. 12). Note that all nutrient concentrations showed a common pattern: values remained stable 
during the two Þ rst days, increased suddenly between 21-22 Apr., and decreased back to circa the initial 
values on 23 Apr. Along with the nutrient peak, there was an increase in TP, TN and to a lesser extent, TOC 
(not shown). Strikingly, the ephemeral nutrient peak did not match a clear physical perturbation. H
sig
, 
rainfall, atmospheric dry deposition or the storm sewer outß ow showed no major simultaneous increases. 
Nonetheless, some variations in the CTD salinity proÞ les hint at a short-lived freshwater spill which may 
have occurred on 22 Apr., affecting the Þ rst meters of the water column (Figs. 13-14). Indeed, the nutrient 
input peak showed a sewage-like signature, and the concomitant salinity drop was observable in the 
shallower station but blurred at the deeper station, thus suggesting that the plume came from inshore 
waters. 
Following the slackening of eastern winds and shortly after swell reached its maximum on 25 Apr., 
some nutrients increased again, particularly nitrate and silicate. This secondary peak coincided with an 
increase in particulate organic matter (both POC and PON, Fig. 15); consistently, an increase in turbidity 
could be noticed in the CTD proÞ les. It is likely that high seas induced some sediment resuspension, since 
turbidity was high near the bottom but diminished upwards.
An interesting differential feature between both nutrient peaks emerged when looking at nutrient and/
or elemental ratios. Fig. 12 displays the temporal dynamics of N:P and NH
4
+:NO
3
-. During the Þ rst (sewage-
like) nutrient injection, the input of ammonium was twice that of nitrate, and the ratio NH
4
+:NO
3
- reached 
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Fig. 11. Environmental conditions during the second survey in April 2006; (a-h) air temperature, water 
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values close to ~2.5; in turn, N:P values decreased from about 50 to ~16. Therefore, the relative increase of 
inorganic P was larger than that of N, and among inorganic N species, the largest increment corresponded 
to ammonium. In contrast, low variations of both ratios were registered after the resuspension event 
(26 Apr.) and the largest nutrient increases corresponded to nitrate and silicate. Such different nutrient 
compositions suggest, indeed, different nutrient sources.
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In parallel with the survey, we collected daily samples to control for atmospheric deposition. The 
results (Fig. 16) showed varying atmospheric inputs depending on the direction of the wind, and a sudden 
increase of nutrient deposition with rainfall, particularly of nitrate, ammonium and silicate. Nutrient 
deposition in the water was larger with western winds, i.e. winds from land to sea blowing across the city, 
than with eastern winds that prevailed from 22 Apr. to 25 Apr. Dry deposition values were, in any case, 
largely surpassed by nutrients released during the wet deposition event (Fig. 16). Given the concentration 
of inorganic nutrients during the survey, and assuming a well-mixed water column of about 10m depth, 
atmospheric inputs could induce maximum nutrient increases of about 1% to 10% (~1-2% for most 
nutrients due to dry deposition, ca. 7-10% increases for NH
4
+ and NO
3
- after rainfall).
Plankton dynamics
The partial mismatch between nutrient inputs and turbulence led to divergent biological responses after 
both nutrient pulses, albeit the magnitude of the biological shifts induced was lower than that of the forcing 
factors. Unexpectedly, the large nutrient peak on 22 Apr. did not seem to stimulate biological growth. 
Most pico and nanoplankton, both heterotrophic and autotrophic, decreased, chlorophyll values remained 
steady and only a moderate increase of chlorophyll >10 μm was observed (Fig. 17). On the contrary, low 
nutrient inputs tallied with increased turbulence induced a general positive response of autotrophs (total 
chlorophyll peaked on the 25th) and none or slightly negative effects on heterotrophic organisms.
Microphytoplankton counts (Fig. 18) showed a clear decrease in the total number of cells and a 
progressive shift from dinoß agellates to diatoms throughout the sampling week.
Linkage between physico-chemical parameters and biological variables
Table 3 shows the correlations between the different variables during the spring survey. All inorganic 
nutrients, TN and TP pooled together (p<0.05) but except for some negative relationships with 
Synechococcus sp. and ANF, none of the correlations between nutrients and organisms abundance were 
statistically signiÞ cant. In contrast, the N:P ratio was positively correlated to picoeukaryotes, bacteria and 
ANF. Further, total C biomass was signiÞ cantly related to all groups of organisms (chlorophyll, bacteria, 
cyanobacteria, ANF and HNF), hinting at an equitable contribution of the whole community to the C stock, 
which is oftentimes completely biased by speciÞ c dominant groups. This supports the idea that none of the 
planktonic groups completely outweighed the others as a result of environmental disturbances. 
Provided that we did not have any rainfall or measurable storm sewer efß ux until the last day of the 
spring survey, cross-correlations could only be used to assess the effects of wind speed and H
sig
 on water 
column parameters. Indeed, both physical variables were strongly correlated. Since the peak in swell 
occurred 24h after the peak in wind velocity, the results were very similar, with slightly larger lags for wind 
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speed. To keep consistency and ease comparisons between surveys, cross-correlations with wind speed are 
presented (Fig. 19).
Systematic negative correlations appeared between wind speed and inorganic nutrients during the Þ rst 
72h, although the negative trend was minimal for silicate and nitrate (for nitrate, some positive correlation 
coefÞ cients appeared within the Þ rst day). Wind speed was also negatively correlated to TP during the Þ rst 
days, but interestingly, it induced immediate increases in particulate organic matter. Indeed, POC and 
PON showed strong positive correlations within the Þ rst 48h.
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Overall, wind speed and heavy seas seemed to stimulate large autotrophs within a short period of time 
(there is a positive correlation with chlorophyll, and particularly with chlorophyll >10 μm) while small 
eukaryotes, pigmented nanoß agellates, bacteria and heterotrophic ß agellates showed persistent negative 
correlations. 
Discussion
The conjunction/disjunction of turbulence and nutrient load deÞ ned a worthful common framework to 
examine differences or resemblances in the dynamics of the organisms during both sampling weeks.
The Þ rst survey was carried out in autumn (November 2005). In the NW Mediterranean, autumn 
is an active period in terms of meteorological phenomena, with frequent storms -often associated with 
eastern winds- and intense rainfall (Llasat & Puigcerver 1997, Valero et al. 2009). Our survey preceded 
the passing of a cold front on 9 Nov., but the sampling week was actually centered on a calm period with 
marked daily breezes and steady salinity values (Figs. 2-4). Swell and related turbulence were not too 
intense, yet according to the CTD proÞ les, the water column was well-mixed. We argue that the lack of 
freshwater plumes (it had not rained for over 15 days) and the accented breeze regime may have favoured 
some mixing and exchange between inshore and offshore waters during the central days of the survey. A 
moderate peak in swell on 5 Nov., and the uniformity in the CTD proÞ les of the three stations examined, 
which were located following an inshore-offshore transect, support this idea. Further, if winter mixing had 
already occurred in open waters (which is frequent at that time of the year, Send et al. 1999, Marty et al. 
2002), some inß uence of offshore water masses would entail nutrient increases. Accordingly, on 6 Nov., 
ca. 1 day after the establishment of the regular breeze regime, there was an increase in nutrients which 
persisted in time. Major increases were found for nitrate, phosphate and silicate, as it would occur in 
the winter after mixing with nutrient-rich deeper layers (Marty et al. 2002). The hypothesis of a nutrient 
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enrichment linked to a resuspension event was dismissed, since neither turbidity proÞ les nor values of 
POC and PON indicated a parallel increase of particulate matter.
The coupling of nutrients and moderate turbulence, and likely the composition of the nutrient input, 
seemed to be key in shaping the response of the community. During the Þ rst two days of the survey, the 
system appeared to be governed by a Þ nely tuned microbial community, and the main trophic pathway was 
that of the microbial loop (Azam et al. 1983, Thingstad & Rassoulzadegan 1999). Thus, there were large 
concentrations of heterotrophic bacteria and small pigmented cells, coccolithophores (<10 μm in size) 
were the most abundant group among microphytoplankton, and the ratio of ammonium to nitrate was ~6. 
High ammonium concentrations are linked to bacterial activity and tend to indicate a preponderance of 
recycling processes over new production (Kirchman 2000, Sarmiento & Gruber 2006).
Indeed, this consortium between bacteria and small phytoplankton tends to dominate the community 
during most part of the year, as it is usual in many oligotrophic regions (Margalef et al. 1979, Longhurst 
2007). Such well adjusted community, however, shifted to a diatom-rich assemblage following the increase 
in swell and nutrients. Although we can not completely preclude the possibility that this shift in planktonic 
groups was directly caused by the advection of offshore waters, various factors suggest that observed 
changes were indeed the response of the local community to physico-chemical forcing. First, as noted by 
Pannard et al. (2008a), if changes in species or groups composition were due to water advection, then one 
could expect to observe a high short-term variability of both physical, chemical, and biological properties, 
with changes occurring in phase (no time-lags). That was not the case in our study: biological changes were 
not synchronous to variations in the environmental conditions, but they were delayed a few hours. High 
nutrient concentrations were measured during the morning sampling of 6 Nov., so that nutrient inputs 
might have occurred between 5 and 6 Nov., while chlorophyll increases were more gradual and maximum 
values were found in the afternoon of 6 Nov. Time-lags of a few hours were also observed for autotrophic 
organisms as a response to mixing and nutrient inputs by Pannard et al. (2008a). Further, Collos (1986) 
found that time-lags before the onset of cell division varied between a few minutes to 24h depending on 
species strategies, as a function of growth response versus storage response. Consequently, the observed 
delays in biological parameters were within realistic ranges. Second, increases and/or decreases of most 
organisms after the nutrient peak were progressive, unlike what happened, for instance, following the arrival 
of freshwater plumes during the last day of the survey (when simultaneous abrupt changes occurred within 
less than 3h, i.e. between two consecutive samplings, Fig. 8). Third, systematic differences in chlorophyll 
(derived from CTD ß uorescence measurements) were not detected among the three stations examined. 
The outer station -the furthest to the coastline- did not show higher ß uorescence values than the inner 
station, and differences were neither seen in the timing of the chlorophyll increases, which occurred in the 
three stations at about the same time. Finally, there was little variation in the phytoplankton community 
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before and after the nutrient inputs in terms of species composition, only changes in the abundance of 
species were observed. This again supports the idea that biological shifts were due to the response of the 
local microbial community.
Ultimately, the overlap of turbulence and nutrient availability seemed to stimulate the autotrophic 
component, and particularly diatoms, over other organisms. A number of factors could have acted towards 
the beneÞ t of large phytoplankton cells: (a) moderate water movements prevent sinking of large cells and 
allow for longer sustained growth (Huisman et al. 2002, Thingstad & Rassoulzadegan 1999); (b) under 
diffusion-limited conditions, small-scale turbulence increases nutrient uptake of osmotrophic cells (Lazier 
& Mann 1989, Karp-Boss et al. 1996), but the effect is proportional to cell size and thus favours large over 
small organisms (Karp-Boss et al. 1996); (c) turbulence levels were not high enough to induce sediment 
resuspension, so the growth of autotrophic cells was not hampered by light limitation (Grémare et al. 
2003); (d) in addition to silicate, previous studies have shown the accordance between diatom abundance 
and nitrate concentration, so the fact that the largest nutrient increases corresponded to nitrate could have 
further beneÞ tted diatoms over other groups (Eppley et al. 1969, Stolte et al. 1994, Riegman & Noordeloos 
1998, Lomas & Glibert 1999, Mercado et al. 2008). 
Light constraint during mixing events was assessed in a longer-term study carried out in the same 
sampling site (see Chapter 1). We observed that heavy seas could be indeed responsible for resuspension 
of bed sediments, but despite resuspended matter caused turbidity and some transient light attenuation, 
light always reached the bottom of the water column (ca. 10m depth), so that light availability was hardly 
a limiting factor for phytoplankton growth.
The preference of different planktonic groups for speciÞ c N sources is also an interesting factor to 
consider. In an early review, Tilman et al. (1986) postulated that diatoms had a competitive advantage 
for nitrate uptake compared to other phytoplankton groups. In accordance, Örnólfsdóttir et al. (2004) 
observed systematic shifts towards diatoms dominance in a series of experimental bioassays where 
natural communities were subjected to nitrate enrichments. The predominance of diatoms occurred even 
when such communities were initially dominated by cyanobacteria. Some other studies have pointed out 
a correspondence between nitrate inputs and diatom bursts in the Þ eld (Riegman & Noordeloos 1998, 
Riegman et al. 1998, Mercado et al. 2008, Pannard et al. 2008a).
The combination of mild turbulence and nutrient increase which boosted diatom growth in November 
2005 did not recur during the second survey in April 2006. Instead, the two main peaks of nutrients and 
swell were uncoupled. On 22 Apr., prior to the arrival of eastern winds and high seas, a remarkable nutrient 
maximum was observed. Both the briefness of the signal -the peak vanished within 24h-, as the relative 
nutrient composition -the plume was particularly enriched in ammonium and phosphate- suggested it 
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could be an uncontrolled waste spill from the nearby sewage pipes, moderate in volume but comprising 
fairly concentrated nutrients. Indeed, fugacious salinity drops could be observed in the uppermost layer 
of the corresponding CTD proÞ les, and the disturbance was particularly evident in the stations closest to 
land (Figs. 13-14). Immediately after the waste spill, we had an intense low pressure system which entailed 
strong winds and rough seas, but minor nutrient increases. Thus, the main injection of nutrients and the 
increase of turbulence were uncoupled. 
Daily estimates of atmospheric deposition over the study area were obtained during the second 
survey. Several studies addressing atmospheric deposition in the NW Mediterranean basin (e.g. Guerzoni 
et al. 1999, Sanz et al. 2002) have pointed out that atmospheric ß uxes may contribute extensively to 
nutrient supply in coastal urbanised areas, because anthropogenic emissions are rich in N and P species 
(e.g. NO
x 
from industrial combustion and vehicle trafÞ c, HNO
3
 from vehicle trafÞ c, P compounds from 
incinerators and domestic and industrial substances). In accordance, we found signiÞ cant inputs of 
phosphate, ammonium and nitrate. Silicate deposition was also abundant, and was likely related to dust 
clouds from nearby construction works. Interestingly, atmospheric inputs could add to dissolved nutrient 
concentrations in the water within 1-day intervals, particularly during wet deposition events, but estimated 
nutrient increases for a 10m water column were minor and by no means could explain the sudden nutrient 
pulses found in nearshore waters during the survey.
In agreement with the typical seasonal cycles in this part of the Mediterranean (Marty et al. 2002), the 
April survey was performed some weeks after the winter bloom had decayed, so recycling processes and 
small-sized organisms prevailed over large cells and new production. Note that the abundant dinoß agellate 
species found at the beginning of the survey were mostly (~98% of the total, not shown) small-sized 
dinoß agellates, i.e. smaller than 25 m, as it is also usual in post-bloom communities (Margalef 1974). 
Unlike in autumn, the N:P ratio was largely unbalanced with regard to RedÞ eld values; N:P values 
ß uctuated initially around 50, which hints at a possible P-limitation of the community. The nutrient pulse 
on 22 Apr. was rich in ammonium, phosphate and TOC, and apparently supplied enough phosphate to 
relieve the initial P constraint. Given the combination of C, N and P, we expected to see a fast bacterial 
response. However, contrary to our expectations, bacterial numbers barely changed, and neither did other 
planktonic groups. A few reasons can be put forward to explain the weak biological response. The nutrient 
input peak was short-lived, so one possible explanation is that it may have been advected away before 
the local system could signiÞ cantly respond. Caffrey et al. (2007) found very weak biological responses 
after major nutrient pulses in a small estuary in California, and attributed the lack of response to high 
ß ushing rates, tidal mixing and ensuant rapid dilution of nutrient peaks. Likewise, it is possible that the 
nutrient pulse spurred bacterial growth, but that prokaryotes were tightly controlled by grazers and thus 
changes in biomass or abundance could not be perceived. Bacterial predation by protozoa is a well-studied 
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phenomenon in Mediterranean waters (see Thingstad & Rassoulzadegan 1999 and references therein) and 
it is believed to be the mechanism that keeps bacterial numbers relatively constant. Thus, in a well-adjusted 
microbial food web, it is plausible that any quick increase in bacterial abundance would be rapidly offset 
by grazers. This hypothesis would indeed be consistent with the results, since heterotrophic ß agellates 
peaked one day later. Further evidence supporting the latter process was found in a laboratory experiment 
performed in parallel to the survey with waters from the very same sampling location (Chapter 3). When 
subjected to nutrient enrichments, and notably in the absence of turbulence, a quick burst of autotrophic 
and heterotrophic picoplankton was systematically observed.
Right after the nutrient peak, the persistence of eastern winds led to a continuous step-up in wave 
height (Arnau et al. 2004). Strong waves (ca. 2m) on 25 Apr. could have induced sediment resuspension, 
since a clear signal of turbidity was observed in the water column, especially near the sediment bed (Fig. 
13). Fluorescence proÞ les roughly matched those of turbidity, and patches of high ß uorescence values 
emerged along the water column. Accordingly, higher concentrations of chlorophyll and chlorophyll 
>10 m were measured in the water samples, and we observed a greater number of diatoms than in the 
previous days. It is likely that a large part of the chlorophyll increase was due to resuspension of non-
living organic matter and/or benthic phytoplankton biomass (note the peaks in POC and PON), albeit 
some active growth may have occurred as well. Indeed, intense mixing induced moderate increases in 
nitrate and silicate, which along with turbulence, could have easily stimulated the emergence of diatoms. 
In accordance, the turbidity signal was weaker than the ß uorescence signal, and the latter went further up 
in the water column, suggesting some stimulation in the upper layers. 
In this regard, we believe that increased turbulence during the second part of the spring survey played 
a central role in the preferential emergence of diatoms and the restricted response by other planktonic 
groups. Among the microphytoplanktonic community, dinoß agellates were the most abundant organisms 
at the beginning of the survey. Dinoß agellates are usually assumed to have low maximum growth rates 
(Stolte & Garcés 2006) so their development after the sudden nutrient pulse would be, in any case, limited. 
Still, the group seemed to be declining apace and their collapse could have been further rushed by the 
steady increase in swell which followed the nutrient peak (many dinoß agellate species are negatively 
affected by turbulence, e.g. Thomas & Gibson 1990, Peters & Marrasé 2000). In turn, despite small cells 
are thought to be the least affected by turbulent motion, intense swell may have burdened their initial 
growth through enhanced top-down control (Rothschild & Osborn 1988, Mann & Lazier 1991, Shimeta & 
Jumars 1991) or else through direct disruptions in their feeding (e.g. Bowen et al. 1993). Note that bacteria, 
cyanobacteria and pigmented ß agellates did not increase during the days of high H
sig
, not even after the 
decay of heterotrophic ß agellates. 
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As aforementioned, an important side issue during episodes of increased mixing is the fact that 
turbulence can induce sediment resuspension and reduce light availability within the water. We have 
argued that light limitation is not a serious drawback for phytoplankton growth in our sampling area, 
and that makes our study site somewhat different from other locations. Grémare et al. (2003) followed a 
strong winter storm in the bay of Banyuls-sur-mer, in the NW Mediterranean. In their study, like during 
our spring survey, eastern winds and rough seas generated a severe resuspension event which abruptly 
increased total suspended matter and nutrient availability in the water column. The authors claimed that 
increased turbidity during such enrichment episodes largely affected the competition outcome between 
planktonic organisms. Whilst production and biomass of bacterioplankton were signiÞ cantly enhanced by 
the storm, no response of phytoplanktonic cells was observed, presumably as a result of light attenuation. 
Contrary to their results, the resuspension event in our study area did not seem to foster bacterial response 
but else induced a slight increase of phytoplankton. Indeed, the fact that in our system light limitation 
did not handicap phytoplankton growth may potentially open up the range of biological outcomes. Some 
other speciÞ c conditions distinguished both studies: Þ rst, their peak in swell was greater (H
sig
 exceeded 
6m) than ours, and thus the volume of resuspended material might have been considerably larger; second, 
rough seas in Banyuls were shorter in time (2 days vs. 6 days in our case), so that the period of increased 
nutrient availability may have been too short to enhance phytoplanktonic production; third, Grémare et 
al. (2003) suggest a possible deÞ ciency of continental inputs (i.e., silicate) in Banyuls which may have 
further constrained autotrophic growth, and which did not occur during our sampling. The combination of 
lasting, lower turbulence intensities along with available silicate could have thus favoured the preferential 
response of phytoplankton cells in our study. 
Overall, the effects of short-lived disturbances on the planktonic community seem to be strongly 
dependent on local environmental features, i.e. the shallowness and characteristics of bottom sediments, 
or concurrent organic or inorganic nutrient limitation. Previous studies have reported positive effects of 
intense mixing on phytoplanktonic organisms linked to either enhanced nutrient supply (e.g. Nalewajko 
& Murphy 1998) or to the resuspension of resting spores (Backhaus et al. 1999). Some negative effects 
due to water mixing and light attenuation have been reported as well (Andersen & Prieur 2000, Vidussi 
et al. 2000). Similar contrasting results have been described for bacteria (Wainright 1987, Sloth et al. 
1996, Guadayol et al. 2009a). In our case, the temporal mismatch of physico-chemical factors during the 
second survey suggests a decoupling in phototrophic and heterotrophic productivity. Hence, the sudden 
nutrient pulse -particularly rich in phosphate and ammonia-, triggered some bacterial growth, but bacterial 
increases were rapidly counteracted by predators (i.e. heterotrophic ß agellates), which thus channeled 
new production to upper trophic levels. In contrast, much lower nutrient concentrations but enhanced 
turbulence seemed to preferentially stimulate phototrophic cells, particularly diatoms.
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Daily versus seasonal variability range
Given that we had a time series of monthly measurements carried out in the same sampling site (Chapter 
1), we examined whether weekly variations in physical and water-column parameters were comparable to 
monthly and seasonal changes, or else if they represented a minor fraction of intra-annual ß uctuations. As 
estimates of variability, we considered both the absolute range (max-min) of each parameter and the range 
divided by the mean value (Table 4). Changes in physical variables (namely temperature, river ß ow, wind 
speed and wave height) on a weekly scale were much lower than the oscillations found for the 7-year time 
series. The ranges of wind speed and H
sig
, the two factors that are directly related to turbulence in shallow 
waters, were very similar during both intensive surveys, and moderate with regard to annual variations; 
the weekly range of H
sig
 represented 0.57 of the range obtained for the 7-year dataset (0.52 in autumn, 
and 0.61 in spring), while the weekly range of wind speed was approx. 0.64 of that found throughout the 
7 years. 
Table 4. The range of values for several physical, chemical and biological parameters measured during the two intensive 
surveys, and their corresponding values for the multiyear time series described in Chapter 1. The range of values divided 
by the mean (r/m) was used as an estimate of relative variation within each period. Note that some data from the 
multiyear time series were available for the 7-year period, while others (chl >10 m, bacteria and POC) corresponded to 
a 3-year interval. Wind speed is in units of m·s-1, H
sig
 in m, nutrients and POC are in mol·L-1, chl is g·L-1 and bacterial 
abundances are in 106 cells·mL-1.
autumn survey spring survey multiyear time series
3-9 Nov 2005 20-27 Apr 2006 2002-2008     
(monthly samplings)
Variable min-max range r/m min-max range r/m min-max range r/m
Wind speed 1.3 - 11.1 9.8 2.0 1.3 - 9.9 8.6 2.1 0 - 14.4 14.4 3.5
H
sig
0.2 - 1.4 1.2 2.3 0.2 - 1.6 1.4 2.3 0.1 - 2.4 2.2 3.6
PO
4
3- 0.06 - 0.37 0.31 1.7 0.03 - 0.64 0.61 3.9 0.03 - 0.47 0.44 2.4
NH
4
+ 0.89 - 2.17 1.28 0.9 0.17 - 6.08 5.91 3.7 0.20 - 7.66 7.46 3.9
NO
3
- 0.17 - 1.23 1.06 1.7 0.27 - 2.83 2.56 1.9 0.07 - 5.03 4.96 4.8
H
4
SiO
4
1.13 - 2.06 0.93 0.6 0.43 - 2.50 2.07 2.1 0.23 - 2.23 2.00 2.1
Chl 0.67 - 2.98 2.31 1.7 0.46 - 0.99 0.53 0.8 0.29 - 6.63 6.34 4.0
Chl>10m 0.22 - 2.20 1.98 3.0 0.11 - 0.51 0.40 1.8 0.02 - 1.95 1.92 3.2
Bacteria 0.99 -2.07 1.08 0.8 0.42 -1.26 0.83 1.1 0.64 -2.12 1.47 1.2
POC 14.7-34.8 20.1 0.9 12.1-39.6 27.5 1.2 7.3 - 41.4 34.1 1.7
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Interestingly, while weekly shifts in wind and swell were moderate with regard to annual changes, the 
day-to-day variability of some nutrients and biological variables was on the order of, or slightly below, 
seasonal variations. During the autumn survey, changes in nutrients were low as compared to annual 
ranges (on average for all nutrients, the weekly range ≈ 0.4 that of the time series), but in spring the 
weekly variation of phosphate, silicate and ammonium equaled the range of the multiyear series. This 
large nutrient variability during the spring survey was certainly due to the spill on 22 Apr., and illustrates 
the magnitude and the transience of occasional nutrient inputs in the area, hardly detectable with monthly 
or bi-weekly sampling schemes. With regard to the biological parameters, chlorophyll >10 m and bacteria 
showed the greatest variability, especially during the autumn survey, with weekly ranges close to the 
oscillations of the whole time series (week range / multiyear range ≈1.03 and ≈0.73 for chl >10 m and 
bacteria, respectively). The range of variation for cyanobacteria and nanoß agellates during the weekly 
surveys was remarkably lower than the oscillations recorded monthly, but weekly shifts in POC were large, 
and represented between 0.59 and 0.81 of the multiyear range. 
According to these calculations, ß uctuations of nutrients and organisms can occur fast in our study 
area, and despite day-to-day changes in some biological and chemical variables may represent shifts as 
large as seasonal variations, many of these quick shifts may go unnoticed, partly overshadowed by the 
steadier dynamics of physical forcing.
Concluding remarks
The functioning and dynamics of coastal marine systems are often approached by studying seasonal 
variations. A good knowledge on seasonal characteristics is indeed an essential Þ rst step to understand 
the basic functioning of most ecological systems, because seasonal shifts set up a predictable cyclic 
background on which many other small variations superimpose. In addition, large seasonal shifts on 
physical and biological properties fuel major changes in global biogeochemical processes, which further 
explains the emphasis hitherto placed in annual studies. Important as seasonal variations may be, however, 
marine systems in coastal areas are highly variable on much shorter time scales, and plankton day-to-
day variability is modulated by less intense physical perturbations. The occurrence and return of these 
short-lived disruptions may induce gradual shifts within the community and ultimately select for speciÞ c 
assemblages or optimal trophic pathways. The purpose underlying our intensive weekly surveys was to 
assess whether, in the context of a coastal area exposed to diverse anthropogenic impacts, the effects of 
these low-intensity, high-frequency perturbations could be affecting coastal plankton dynamics. 
In this regard, we propose that a Þ ne balance between moderate turbulent mixing and nutrient availability 
pushes our system towards diverse trophic pathways. Roughly, the timing (match/mismatch) of physico-
chemical perturbations, as well as the relative composition of nutrient pulses seemed to underlie two 
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distinct biological responses: sudden nutrient ß uxes uncoupled from turbulent motion tended to favour 
heterotrophic bacteria and autotrophic picoplankton, while their concurrence with some water-column 
mixing shaped a favorable scenario for large autotrophs. Besides, under no other nutrient limitation, 
ammonium-rich environments fostered the growth of small-sized organisms (bacteria, ß agellates), 
whereas nitrate enrichments preferentially favoured diatoms. This general picture does not differ from 
longstanding ecological conceptual frameworks (Margalef 1978, Margalef et al. 1979, Kirchman 2000, 
Longhurst 2007), but while these refer to seasonal biological shifts, we have found equivalent transitions 
nested within short-term (hours to days) mild variability. 
In the study area, the planktonic community is dominated by small-sized cells and recycling processes 
(the so-called microbial loop) during most part of the year. Regardless of the season, occasional sewage 
spills supply high amounts of ammonium and DOM to coastal waters (Suárez & Puertas 2005), which 
further beneÞ t the maintenance of active bacterial populations. This continuous anthropogenic inß uence 
is an important factor beneath the dual response found after short-lived disturbances, because when 
nutrient pulses are uncoupled from turbulence, they are likely to come from urban waste waters, and thus 
comprise ammonium and dissolved organic substances that favour bacterial growth. 
On a monthly and annual basis, the abundance of heterotrophic bacteria and small autotrophs does not 
show broad ß uctuations, and given their apparent plasticity to confront abrupt environmental changes 
(Bustillos-Guzmán et al. 1995, Marty et al. 2002), we did not expect to see a fast biological turnover unless 
major physical variations occurred (i.e. river discharge or intense wave storms, Guadayol et al. 2009a). 
However, the results show that strong events are not necessary to induce changes in community structure. 
Relative nutrient composition, a factor that can be largely inß uenced by anthropogenic activities, can 
also mold rapid changes in the planktonic assemblage (e.g. Spatharis et al. 2007), particularly when 
accompanied by moderate mixing. 
Finally, the initial community structure may inß uence the response to short-term physical forcing, as 
the initial conditions and competing species that make up the community represent key factors affecting 
the outcome of competition (Huisman & Weissing 1999, Pannard et al. 2008b). We are aware that the 
results here described do not constitute a single, univocal response of the system to mild perturbations, and 
that certainly a series of surveys may be necessary to support the conclusions, but regardless of occasional 
differences, we consider that this is an interesting Þ rst attemp to evaluate the short-term variability in our 
system and compare its magnitude with seasonal ß uctuations. 
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We carried out two experimental simulations 
in which natural planktonic communities were 
subjected to a combination of turbulence and 
variable nutrient forcing. Nutrient addition was 
variable both in terms of total nutrient load and 
in the balance of elements. Unbalanced nutrient 
inputs (with regard to RedÞ eld values) and 
varying nitrogen sources are frequent in coastal 
areas heavily exposed to human perturbations. 
The relative abundance of nitrate and ammonium 
has been related to shifts in the size distribution 
of the planktonic community, so we explored 
whether uneven inputs of ammonium and 
nitrate could be major factors driving plankton 
dynamics in coastal environments. The occasional 
uncoupling between turbulence and nutrient 
pulses is also a distinctive feature of nearshore 
waters compared with open ocean environments. 
Thus, we further tested the match-mismatch 
between nutrient enrichments and turbulent 
mixing. Results showed that both turbulence 
and nutrient inputs had a signiÞ cant positive 
effect on the growth of planktonic organisms 
(with some synergistic effects), and systematic 
increases in total biomass were obtained at 
the end of the experiments. In turn, shifts in 
community composition appeared to be mostly 
related to the interplay between turbulence 
and N partitioning. Under still conditions, 
ammonium-rich waters favoured small-sized 
organisms and reinforced the microbial loop, 
whereas nitrate seemed to favour diatom growth. 
Turbulence added complexity to the Þ nal 
outcome, because mixing tends to favour large 
over small osmotrophs. Accordingly, the rapid 
growth of small autotrophs and heterotrophic 
bacteria in ammonium-rich waters may be partly 
counteracted by diatom increases if nutrient 
pulses are coupled to turbulent mixing, whilst 
diatom bursts after nitrate enrichments may be 
largely enhanced by concomitant turbulence. In 
addition, the biological response was somewhat 
determined by the previous conditions and the 
initial community composition; whether or not 
planktonic assemblages can temper episodic 
perturbations depends not only on the strength 
of the impact, but also on intrinsic attributes of 
the disturbed community.
Abstract
KEYWORDS: 
turbulence; nutrient imbalance; 
nitrate; ammonium; plankton; 
experimental simulation; 
coastal areas
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Introduction
There is ample evidence that turbulence, understood as the ß uctuations in the ß ow, affects oceanic 
production. Basically, increased mixing brings the generally scarce nutrients in closer contact with 
phytoplankton, at the macroscale but also at the microscale, where cells can use nutrients to grow. Evidence 
has been built since the 1970s (Margalef 1978) with theoretical developments (Lazier & Mann 1989, Karp-
Boss et al. 1996), Þ eld observations (Horne et al. 1996, Lévy 2008), mesocosm experiments (Howarth et 
al. 1993, Nerheim et al. 2002, Iversen et al. 2010), microcosm experiments (Arin et al. 2002, Peters et al. 
2002) and even modelling (e.g. Allen et al. 2004 and references therein). Diatoms, especially the larger 
ones, seem to be favoured by the combination of turbulence and nutrient load (Arin et al. 2002, Peters et 
al. 2006, Cózar & Echevarría 2005, Guadayol et al. 2009). This is a consequence of the size dependence of 
the enhancement of nutrient ß ux towards the cells owing to turbulence (Lazier & Mann 1989, Karp-Boss 
et al. 1996) and of the particular life-form characteristics of diatoms. The effects of turbulent mixing on 
population and community dynamics, however, are not always transferred to ecosystem-level properties, 
as observed by Petersen et al. (1998), and large-scale shifts may be dependent on the speciÞ c structure of 
particular ecosystems. 
Most observations and experiments have had an open ocean mindset inß uenced by the concept of new 
production and the export of organic matter, all very relevant for global biogeochemical cycles, and hence 
have mostly focused on nitrogen as the limiting element and nitrate as the driving nutrient. However, 
phytoplankton can use other forms of nitrogen, such as ammonium, dinitrogen gas or nitrogen bound 
in organic matter (DON). Indeed, ammonium has classically been considered an important N source for 
phytoplankton, even the preferred one (Syrett 1981), and it is regularly included in models (Fasham et al. 
1990, Baretta et al. 1995, Lancelot et al. 2005). Nevertheless, ammonium is mostly internally recycled in 
models and not really used as a system forcing factor. 
Further, not all N compounds can be used by all phytoplanktonic organisms, but rather different groups 
show speciÞ c nutrient afÞ nities. There is abundant evidence that small autotrophic cells and bacteria have 
a preference for N-ammonium, whilst larger phytoplankton tend to prefer N-nitrate (Eppley et al. 1969, Le 
Bouteiller 1986, Wheeler & Kirchman 1986, Dortch 1990, Stolte et al. 1994, Riegman & Noordeloos 1998). 
Notably, large diatoms have been shown to prefer nitrate over ammonium (e.g. Stolte et al. 1994, Lomas 
& Glibert 1999) and this would conform to the idea of these organisms taking the most advantage of the 
increased nitrate level after the winter mixing in most oceanic regions.
The issue of varying N sources and the differential effect on phytoplankton groups is of major concern 
in coastal areas, because natural factors and anthropogenic activities on land strongly affect both the total 
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load and the relative composition of freshwater inputs reaching coastal waters. In this regard, land use is a 
key factor to foresee some of the potential burdens of human activities: while agriculture is responsible for 
large spills of nitrate and phosphate, urban waste waters contain high concentrations of ammonium (EEA 
1999 and 2001). As a result, large gradients in the relative proportion of nutrient elements can be found 
across nearby coastal sites. 
In addition to the diversity of nutrient sources, a challenging feature of coastal regions is the temporal 
mismatch between turbulence and nutrient inputs. In the open ocean, seasonality dominates annual 
nutrient ß uxes, which are tightly linked to mixing and turbulence. In the winter, cooling of surface waters 
causes mixing of the water column, and hence favours a bulk inß ow of nutrients from deeper layers. 
During warm periods, however, surface waters warm up and stratify, so that there is a very limited nutrient 
exchange with the bottom. Accordingly, nutrient-rich periods tend to match up with increased turbulence 
(Margalef 1978, Longhurst 1995). In coastal areas this temporary coupling does not always occur: during 
the cold season, mixing of the water column does indeed supply new nutrients to the surface, but additional 
nutrient pulses due to anthropogenic activities may happen any time throughout the year. Consequently, 
organisms can experience low turbulence intensities and beneÞ t from high nutrient concentrations, or 
they can undergo strong turbulent motion uncoupled from the main seasonal mixing and nutrient input 
(Cloern 1996). Unlike the well-studied ecological implications described for the rich-turbulent versus 
poor-calm dichotomy (in terms of dominant planktonic groups and community dynamics, Margalef 1978, 
Smetacek 1985), the biological shifts linked to alternative conditions are uncertain. 
Overall, the interplay between turbulence, nutrient load and N partitioning may affect the community 
in several ways, because all three factors can select for speciÞ c groups and size classes and display 
corresponding or antagonistic effects. Whether contrasting biological response patterns found in coastal 
locations can be explained by this asymmetry is not fully understood yet, partly due to the difÞ culty of 
Þ nding coherent trends entangled within a matrix of high variability such as that of coastal ecosystems 
(Cloern & Jassby 2008). Nonetheless, a better understanding is required on the outcome of these combined 
forcing, because changes in plankton community composition entail shifts in broader processes such as 
energy transfer to higher trophic levels, benthic-pelagic coupling, or the stimulation of HABs (Bronk et al. 
2007). Further insights are also desirable for practical management purposes, particularly in those areas 
receiving high nutrient loads with variable composition.
To address these issues, we here report on two experiments done with seawater from the Barcelona coastal 
area. In order to mimic episodic nutrient inß ows, we ammended this water with varying concentrations 
of ammonium and nitrate. An additional treatment consisted in subjecting the planktonic community to 
turbulence. Turbulence allowed to simulate the effects of a storm in the coastal area, and to compare them 
with the effects of enrichments under calm-water conditions. The experiments were performed in autumn 
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and spring, at times when storms, often in the form of heavy rainfall and ß oods, tend to be most frequent 
in the area (Martin-Vide 1982, Llasat & Puicerver 1997). Storms entail turbulence, increased instability in 
the water column and sediment resuspension, while rainwater drainage in urban areas sweeps out to sea 
large amounts of particles and pollutants (Suárez & Puertas 2005). Such occasional spills display nutrient 
concentrations similar to our experimental amendments. 
The object of the present work is twofold: (1) to study the variability in the dynamics of planktonic 
organisms related to the match-mismatch of turbulence and episodic nutrient inputs; (2) to explore the 
differential biological response to nutrient enrichments featuring diverse proportions of N compounds 
-i.e. ammonium and nitrate-, somehow simulating the gradients observed in natural systems as a result 
of anthropogenic perturbations. Our hypothesis is that the effect of turbulence on phytoplankton growth 
will increase with the relative amount of nitrate present, since this is the preferred N source of the larger 
phytoplankton and the increase of nutrient ß ux towards the cells owing to turbulence is size dependent. 
Moreover, we are interested in assessing the signiÞ cance of both the initial community composition and 
its history in determining the response to sudden nutrient ß uxes.
Materials and methods
Study area and experimental setup
Sea water for the experiments was collected ca. 0.5 km offshore of Barcelonas coast (41°22.914′ N, 
2°11.970′ E). This is an area strongly sensitive to freshwater inputs owing to the proximity of storm 
sewer overß ows; during events of intense rainfall, excess rainwater is collected and channeled to the sea 
through these coastal pipelines. Liquete et al. (2007) provides a thorough review of the main geological, 
hydrographic and oceanographical features of the Barcelona continental shelf.
We aimed for a series of nutrient additions that could push the system towards an extreme -though 
realistic- situation, so a brief analysis of the background conditions was performed before starting the 
experiments to design the amendments. During the Þ rst experiment in November 2005, (a) seawater 
showed high concentrations of nitrate and phosphate, and N:P:Si stoichiometric ratios were close to 
RedÞ eld values; (b) intense rainfall episodes and subsequent terrestrial runoff are rather frequent in 
autumn, and resulting nutrient inputs can reach high values. Accordingly, our total nutrient addition 
should be high. We planned a 10 mol·L-1 addition of N, distributed in two ways: (a) even amounts of 
nitrate and ammonium (5 mol·L-1 NH
4
+ + 5 mol·L-1 NO
3
-) and the corresponding RedÞ eld quantities of 
phosphate and silicate; (b) excess ammonium (9 mol·L-1 NH
4
+ + 0.9 mol·L-1 NO
3
-), to reach a Þ nal ratio 
of approx. NH
4
+:NO
3
- ~ 10:1, and the corresponding RedÞ eld quantities of phosphate and silicate, so that 
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we could reverse the abundance of nitrate and simulate spills enriched in ammonium, i.e. spills containing 
urban wastewater. The starting point for the second experiment (April 2006) was completely different: 
total nutrient load was low, ammonium exceeded nitrate and element ratios departed from RedÞ eld values 
(N:P ~ 28:1). Thus, to steer the community to a diverging situation, we designed 4 sequential enrichments: 
(a) Þ rst, we counteracted the initial lack of phosphate and silicate by adding both nutrients in excess with 
regard to N inputs; (b) second, tanks were enriched with a combination of phosphate + silicate, phosphate 
+ silicate + nitrate, or phosphate + silicate + nitrate + ammonium. 
In both experiments, some tanks remained unenriched and were kept as controls (C). Further, to assess 
the match-mismatch with turbulent mixing, half the tanks per condition were subjected to turbulence (T) 
and half were kept still (S). All treatments were done in duplicate with the exception of a few conditions 
(NI and AM) in experiment 2, due to logistic constraints. A clear scheme of all experimental conditions is 
shown in Table 1. 
Small-scale turbulence was generated by means of vertically-oscillating grids (further details on the 
instrument are given in Peters et al. 2002). We applied a turbulent kinetic energy dissipation rate (ε) of 
about 10-3 cm2 s-3, as derived from the equations in Peters & Gross (1994). 
Table 1. Summary of experimental conditions.
code
nutrient addition (mol·L-1)
turbulence
light 
cycle
temperature
PO
4
3- H
4
SiO
4
NH
4
+ NO
3
-
ex
p 
#
1 
(a
u
tu
m
n
)
CS - - - - no
7:30 - 
17:30
15ºC
CT - - - - yes
AS 0.6 10 9.1 0.9 no
AT 0.6 10 9.1 0.9 yes
NS 0.6 10 5 5 no
NT 0.6 10 5 5 yes
ex
p 
#
2 
(s
pr
in
g)
CS - - - - no
7:00 - 
20:45
15ºC
CT - - - - yes
AS 0.5 8 - - no
AT 0.5 8 - - yes
NS 0.5 8 - 4 no
NT 0.5 8 - 4 yes
NIS* 1 16 - 4 no
NIT* 1 16 - 4 yes
AMS* 1 16 2 2 no
AMT* 1 16 2 2 yes
* all treatments were done in duplicate except these ones, due to logistic constraints.
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This turbulence intensity is within the range of typical values for coastal areas (Kiørboe & Saiz 1995). 
However, turbulence events of this mean intensity or greater are not too persistent in time (Guadayol & 
Peters 2006), so to mimic a realistic situation, we set a maximum duration of 3 days for both experiments. 
Temperature was adjusted to the in situ water temperature (15ºC in both experiments) and light conditions 
were set to 225 μmol photons m-2 s-1 inside the containers, approximately the saturating irradiance reported 
for this system during most part of the year (Satta et al. 1996). A light on-off cycle was also adjusted to that 
of the time of the year (Table 1). Experiments were started within an hour of water collection. Nutrient 
enrichments were done as a single addition at the beginning of the experiment. 
Water sampling and analyses
In the Þ eld, we sampled subsurface water over a depth of ca. 10m. The water was screened with a 150-μm 
Nylon mesh to remove large zooplankton, then transferred to 20 liter plastic carboys that had previously 
been washed with a dilute solution of sodium hypochloride and rinsed with milli-Q water and sample 
water. Carboys were carefully protected from sunlight and taken to the laboratory within 20 minutes 
after collection. In the laboratory, 15 liter cylindrical metacrylate containers were Þ lled and subjected to 
experimental conditions in a light and temperature controlled environmental chamber during 3 days.
Daily or end-point samples were taken for the determination of inorganic nutrients, total and fractioned 
chlorophyll a, bacteria, pico and nanophytoplankton, total organic carbon, total nitrogen, total phosphorus, 
particulate organic matter (carbon, nitrogen and phosphorus), microphytoplankton and epiß uorescence 
microscopy (heterotrophic and autotrophic nanoß agellates). In order to test to what extent the effects 
of turbulence were the result of maintaining a large fraction of planktonic cells suspended in the water 
column, we thoroughly mixed the microcosms at the end of the experiments until the settled material was 
completely resuspended, and sampled again for some variables.
Inorganic nutrients (i.e. nitrate, nitrite, ammonium, phosphate and silicate) were determined following 
the methods in Hansen & Koroleff (1999) with minor modiÞ cations. We used an Alliance Evolution II 
autoanalyzer and analyzed two replicates per sample.
Total organic carbon and total nitrogen (TOC and TN, respectively) were determined with a Shimadzu 
TOC-VCSH analyzer equipped with the additional Total Nitrogen Module as described in Nieto-Cid et al. 
(2005). Approximately 10 mL of water were collected in pre-combusted (450ºC, 12 h) glass ampoules. 
H
3
PO
4
 was added to acidify the sample to pH < 2 and the ampoules were heat-sealed and stored in the 
dark at 4ºC until analysis. The basic principle for the quantitation of total organic carbon relies on the 
destruction of organic matter, either chemically or via heat at high temperatures. We used a catalytically-
aided platinum 680°C combustion technique. All carbon forms in the sample are converted to CO
2
, which 
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is then measured and converted to total organic carbon. Similarly, nitrogen compounds are oxidized 
and burnt at 680ºC, and total nitrogen is obtained by measuring NO
2
 after combustion. The system was 
standardized daily with a potassium hydrogen phthalate standard. The performance of the analyser was 
tested with the DOM reference materials provided by Prof. D. Hansell (University of Miami). Detection 
limits for carbon and nitrogen were 4 g C L-1 and 5 g N L-1, respectively.
Total phosphorus (TP) was determined by wet oxidation and colorimetry (Hansen & Koroleff 1999). 
Brieß y, 25 mL aliquots were mixed with 2 mL of the oxidant reagent in glass vials, and autoclaved at 121ºC 
for 30 minutes. Once the vials were cooled down to room temperature, 600 L of ascorbic acid were added 
and left to act for two minutes. We Þ nally added 600 L of the combined reagent and kept the samples in 
the dark for 15 minutes. Readings were done at 880 nm with a CaryWin UV Spectrophotometer. 
Particulate organic phosphorus (POP) was also measured by wet oxidation and colorimetry (Hansen 
& Koroleff 1999), yet additional steps were required to analyze the particulate fraction. First, 500 to 600 
mL samples were Þ ltered through pre-combusted Whatman GF/F Þ lters, and these Þ lters were plunged 
in 25 mL milli-Q water aliquots. We added the oxidant reagent and autoclaved at 121ºC for 30 minutes. 
The oxidation process partially disintegrates the Þ lter, so the vials were centrifuged at 7000 r.p.m for 
10 minutes to separate the solid fragments. Once the supernatant was extracted, we carried out the 
colorimetric reaction as previously described.
Particulate organic carbon and nitrogen (POC and PN, respectively) were collected (up to 1000 mL) on 
pre-combusted Whatman GF/F Þ lters. Measurements were carried out with a Perkin Elmer 2400 CHN 
analyzer. An acetanilide standard was used daily. The precision of the method is ±0.3 μmol C L-1 and ±0.1 
μmol N L-1. Samples were kept frozen at -80ºC until analysis.
Total and fractioned (>10 m) chlorophyll a were measured by ß uorometry, as described in Yentsch 
& Menzel (1963). For total chl a, 20 mL samples were Þ ltered through Whatman GF/F glass Þ ber Þ lters. 
For the >10 m fraction, 50 mL samples were Þ ltered through 10-m pore size Whatman Nuclepore 
polycarbonate Þ lters. All Þ lters were plunged in 90% acetone and left for 24h in the dark at 4ºC. The 
ß uorescence of the extract was measured with a Turner Designs ß uorometer.
Bacteria were counted by ß ow cytometry (Gasol & del Giorgio 2000). Samples (1.8 mL) were Þ xed 
with 0.18 mL of a 10% paraformaldehyde and 0.5% glutaraldehyde mixture. Subsamples of 200 L were 
stained with SYTO13 (Molecular Probes) at 2.5 mol L-1 (diluted in DMS), left to stain for 15 minutes in the 
dark and then ran at low speed (ca. 12 L min-1) through a Becton Dickinson FACScalibur ß ow cytometer 
with a laser emitting at 488 nm. We added 10 L per sample of a 106 mL-1 solution of yellow-green 0.92 m 
latex beads (Polysciences) as an internal standard.
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Flow cytometry was also used to determine pico and nanophytoplankton. In this case, subsamples of 1 
mL were left unstained and were ran at high speed (ca. 50 L min-1). Again, a volume of 10 L of a 106 mL-1
solution of beads was used as an internal standard. As a cross-control to determine cell abundances and to 
ensure stability of the ß ow, the ß ow speed was calibrated every 10 samples by measuring sample volume 
before and after a 10 min run.
Autotrophic and heterotrophic nanoß agellates (ANF, HNF) were estimated by epiß uorescence 
microscopy (Porter & Feig 1980). Samples were Þ xed with glutaraldehyde (1% Þ nal concentration), stained 
with DAPI (5 g mL-1) and Þ ltered on 0.8 m black polycarbonate membranes. The Þ lters were mounted 
on microscope slides and kept frozen at -20ºC. Counts were done on a Nikon Labophot epiß uorescence 
microscope at x1250 magniÞ cation. We counted a minimum of 180-200 nanoß agellates on each Þ lter, 
and they were sized in 4 classes (<4 m, 4-8 m, 8-16 m, >16 m) using a calibrated ocular micrometer. 
Autotrophic and heterotrophic organisms were distinguished by the red ß uorescence of chlorophyll under 
blue light excitation. 
Other phytoplankton cells (mainly diatoms, dinoß agellates and coccolithophores) were identiÞ ed and 
counted in 50 cm3 settling chambers using the Utermöhl technique (Utermöhl 1958). Samples were Þ xed 
with a formalin-hexamine solution (0.4% Þ nal concentration) and kept at 4ºC until counting. The observed 
organisms were sized (length and width) and classiÞ ed to the lowest possible taxonomic level.
Plankton biomass. Chlorophyll a values were converted to carbon using a factor of 50 g of carbon 
per g of chl (this is within the range reported by Delgado et al. (1992) for surface waters in the NW 
Mediterranean). Bacterial biomass was estimated by ß ow cytometry (Gasol & del Giorgio 2000), using 
a carbon conversion factor of 0.35 pg C m-3 (Bjørnsen 1986), which resulted in an average value of 21 
fg C cell-1. Average volume for cyanobacteria was estimated assuming a spherical shape: we considered a 
diameter of 1 μm for Synechococcus sp. (Agawin et al. 1998) and of 0.7 μm for Prochlorococcus sp. (Vaulot 
et al. 1990, Gasol & del Giorgio 2000). For Synechococcus sp., we used a mean carbon content of 0.357 pg C 
m-3 (Verity et al. 1992) whereas for Prochlorococcus sp. a value of 0.35 pg C m-3 was assumed (Bjørnsen 
1986). Cell volume of ß agellates was established from the mean value of each size class, assuming a prolate 
spheroid shape. In this latter case, conversion to carbon was calculated with the equation pg C cell-1 = 
0.433 · (m3)0.863 (Verity et al. 1992). For the biovolume of microphytoplankton, we used the formulas in 
Hillebrand et al. (1999). Carbon content of microphytoplankton was estimated applying the equation pg C 
cell-1 = 0.109 · (m3)0.991  (Montagnes et al. 1994).
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Statistical analyses
Statistical analyses were performed with Statistica version 6 (StatSoft Inc. 2001) and JMP statistical 
software (version 8). SigniÞ cance was considered for probability values < 0.05.
Results
Autumn experiment, response of a nutrient-rich system
Initial conditions
The background scenario during the autumn sampling was the typical for cold months, featuring well-
mixed, nutrient-rich waters and a great abundance of large autotrophic cells. In order to have some 
information on the previous history and the temporal dynamics of the initial community, we analysed 
data on the environmental conditions a couple of days before and after water collection. According to the 
meteorological records, the sampling took place right before the passing of a frontal system, during a short 
period with higher wind intensities and increased swell (likely the Þ rst symptoms of the forthcoming cold 
front). Indeed, both wind speed and signiÞ cant wave height reached local maxima -with regard to the 
weekly average conditions- about 1 or 2 days prior to our sampling. Air temperature ranged from 11.0 to 
18.3ºC (for further details on the meteorological conditions, see Chapter 2). Given the shallowness of our 
sampling station, an increase in turbulence may easily lead to the mixing of the water column and induce 
a moderate increase in nutrients. That seems to be the case, since most nutrient concentrations increased 
immediately after the peak in wind and wave height. Moreover, there was a regular daily breeze regime 
which pushed an inshore-offshore movement, and which may have further contributed to the mixing of 
the water masses and the nutrient injection.
It is to note that nutrients presented balanced stoichiometric ratios (N:P:Si were close to RedÞ eld ratios) 
and most inorganic nitrogen was in the form of N-NO
3
- rather than N-NH
4
+. Therefore, the situation was 
somehow equivalent to that found in winter, nutrient-rich systems. 
The initial planktonic community was consistent with the winter-like situation: nearly 75% of the total 
carbon biomass corresponded to autotrophic organisms, and chlorophyll concentration was 1.79 ± 0.06 
g·L-1, a high value when compared to the average annual records for the sampling area (ca. half of this 
chlorophyll corresponded to the fraction larger than 10 m). Looking further into the microphytoplanktonic 
species, we saw that diatoms were the most abundant group. Diatoms are fast-growing organisms which 
proÞ t from water turbulence to avoid sinking, since their heavy siliciÞ ed frustules easily drop down under 
calm conditions. Opposite to this abundance of large autotrophs, cyanobacteria were in low numbers, 
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and the concentration of bacteria did not differ signiÞ cantly from the annual average value (~ 1.1 106
cells·mL-1). 
In these circumstances, we planned a nutrient addition which could somehow reverse the nitrate 
abundance and simulate spills enriched in ammonium, i.e. spills containing urban wastewater. 
Biological response
Phytoplankton. In unenriched tanks, chlorophyll values barely changed, yet the relative fraction of 
chlorophyll >10 m declined (Fig. 1). When turbulence was applied, however, both the total chlorophyll and 
the fraction >10 m increased (larger organisms representing ca. 70% of the total pigment concentration). 
With nutrient additions, no matter the partitioning of N compounds, chlorophyll increased swiftly, and 
the effect was signiÞ cantly larger under turbulence (Fig. 1, Table 2). Chlorophyll measurements integrate, 
however, a number of organisms which may have differential response patterns depending on the 
treatment. 
The smallest autotrophic components, cyanobacteria, showed a dynamics completely detached from 
either the enrichments or the turbulence forcing. Both Synechococcus sp. and Prochlorococcus sp. cells 
presented synchronous peaks in all tanks 24h after the start of the experiment, but their abundances 
decayed to values below the initial concentrations by day 3 (Fig. 1). Pico and nanoeukaryotes had a positive 
response to nutrient amendments, and their maxima always occurred after the cyanobacterial peak, either 
on the second or third day of the experiment. Note that whereas in ammonium-rich treatments (A) no 
growth differences were found between the still and turbulent tanks, i.e. maximum concentration values 
were fairly similar, in N containers turbulence signiÞ cantly boosted the growth of picoeukaryotes with 
regard to still conditions (Bonferroni and Tukey post-hoc tests, α<0.05, NS-NT were split into different 
groups).
The highest variations among treatments were found for autotrophic nanoß agellates (Fig. 2). In the 
controls, the abundance of pigmented nanoß agellates increased ca. 5 to 6-fold within 3 days, and minor 
differences were observed between the still and turbulent tanks. The response was similar in N treatments 
(even additions of nitrate and ammonium), yet the variability among tanks was larger (turbulent containers 
reaching slightly higher concentrations than still ones). When the nutrient inputs were enriched in 
ammonium (A tanks), the growth of nanoß agellates was overwhelming: Þ nal cell concentrations were 
close to 1.5 104 cells·mL-1, about one order of magnitude larger than the initial values. 
Along with nanoß agellates, diatoms seemed to be the other phytoplanktonic group most stimulated by 
the enrichments (Fig. 3), turbulence being a critical factor. Under still conditions, only the N tank showed 
an increase in the initial number of diatoms, while under turbulence, both amended tanks (A, N) reached 
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large diatom concentrations. Unlike nanoß agellates, diatoms seemed to be most favoured in N treatments 
(differences were, however, statistically non-signiÞ cant due to the limited number of samples). A large part 
of this growth corresponded to small-sized Chaetoceros spp. cells (data not shown). 
Heterotrophic organisms. Bacterial abundances peaked within 24h (Fig. 1), irrespective of nutrient 
enrichments, although maximum cell concentrations were slightly larger in amended tanks than in 
the controls (p<0.05, Table 2). Turbulence did not promote higher bacterial peaks with respect to still 
treatments, but instead seemed to delay the decline of the population: bacterial abundances at the end of 
the experiment were sistematically higher in turbulent tanks (Table 2).
Heterotrophic ß agellates increased in all treatments, but were particularly abundant in ammonium-rich 
tanks (AS, AT). Indeed, Þ nal numbers in A treatments doubled the Þ nal concentrations of heterotrophic 
nanoß agellates in C and N (8 103 vs 4 103 cells·mL-1 respectively, Fig. 2).
Using carbon conversion factors we examined shifts in the ratio of autotrophic carbon to total carbon 
biomass obtained in the tanks at the end of the experiment (Fig. 4). Autotrophs were initially very abundant 
(the percentage of autotrophic carbon was ~74%) and continued to dominate after three days, but while in 
the controls this percentage remained nearly constant, all enriched conditions ended up with autototrophic 
carbon fractions between 80-90%. The combined effect of both nutrient addition and turbulence was 
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Fig. 2. Concentration of pigmented (open 
bars) and non-pigmented nanoß agellates (grey 
bars) at the beginning and at the end of the 
experiments. Initial values are common for all 
treatments. The values represent the average 
± standard deviation of two replicate tanks. 
Note the different ordinate scales between 
experiments.
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visible in terms of total biomass: biomass values remained below 200 g C·L-1 in the controls (initial C 
biomass was ~121g C·L-1), reached ca. 300 g C·L-1 in still, enriched tanks and increased to ca. 900 g C·L-1
in enriched, turbulent containers. SigniÞ cant biomass differences between still and turbulent treatments 
persisted after resuspension of bottom sediments in all amended tanks (not shown). 
Spring experiment, response of a small-sized, ammonium-controlled system
Initial conditions
The second experiment was carried out following a common sampling scheme. Water was collected during 
an intensive sea survey, and some additional samplings were performed a few days before and after the 
day of the water collection in order to have some extra information on the environmental conditions. 
A strong low-pressure system took place during the survey and both strong eastern winds and intense 
swell affected our region (further details are given in Chapter 2). Despite the similarities with the autumn 
sampling in some of these background meteorological and hydrological conditions, the physicochemical 
and the biological characteristics of the water column were substantially different. Except for ammonium, 
the concentration of inorganic nutrients was low and the N:P ratio largely exceeded RedÞ eld values (N:P ~ 
28). Moreover, the phytoplanktonic community was mostly composed of small cells (e.g. chlorophyll >10 
m represented only 20% of total chlorophyll) and cell densities were rather low, both for autotrophic and 
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Fig. 3. Abundance of several groups of 
microphytoplankton at the beginning 
and at the end of the experiments. Initial 
values are common for all treatments.
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Table 2. Summary of statistical results (ANOVA and ANCOVA) for both experiments. Treatments are all categorical 
except Time (h), which is the experimental sampling time and is used as a covariate in the analysis. Time (h) = 0 was 
excluded. Turb (turbulence) is treated as an on-off variable, and Nuts (nutrient addition) categories correspond to the 
ones described in Table 1 (namely C, A, N in Exp. #1 and C, A, N, AM, NI in Exp. #2). Note that only a few variables 
in Exp. #2 were available for the 5 categories, while the rest have only been measured in C, A, N tanks. Degrees of 
freedom (df) and p-values (p) are shown; *** (p-value < 0.001), ** (p-value  < 0.01), * (p-value < 0.05). The abbreviation 
Cbact:Cosmotr refers to the ratio of bacterial C biomass to total osmotrophic biomass (i.e. the addition of chlorophyll 
and bacteria in units of g C·L-1).
Experiment #1 Intercept Time (h) Nuts Turb Nuts * Turb
Parameters N R2 df p df p df p df p df p
Chl (g·L-1) 36 0.635 1 0.408 1 *** 2 *** 1 *** 2 0.144
Chl >10 m (g·L-1) 36 0.574 1 0.154 1 *** 2 ** 1 *** 2 0.170
Chl >10 m / chl 36 0.705 1 *** 1 *** 2 ** 1 *** 2 *
Synecho (cells·mL-1) 36 0.956 1 *** 1 *** 2 0.138 1 0.484 2 0.212
Picoeuk (cells·mL-1) 36 0.392 1 *** 1 * 2 *** 1 0.588 2 0.138
Bacteria (cells·mL-1) 36 0.868 1 *** 1 *** 2 * 1 *** 2 0.684
ANF (cells·mL-1) 12 0.973 1 *** - - 2 *** 1 0.218 2 0.236
HNF (cells·mL-1) 12 0.881 1 *** - - 2 *** 1 0.777 2 0.092
TOC (mol·L-1) 36 0.279 1 *** 1 * 2 * 1 * 2 0.708
TN (mol·L-1) 36 0.445 1 *** 1 ** 2 *** 1 0.841 2 0.820
TP (mol·L-1) 36 0.926 1 *** 1 *** 2 *** 1 * 2 0.650
POC (mol·L-1) 36 0.611 1 * 1 *** 2 ** 1 *** 2 0.357
PON (mol·L-1) 36 0.648 1 ** 1 *** 2 *** 1 *** 2 0.156
Cbact / Cosmotr 36 0.856 1 *** 1 *** 2 *** 1 ** 2 0.823
Total Biomass (g C·L-1) 12 0.959 1 *** - - 2 *** 1 *** 2 **
Autotrophic Biomass 12 0.949 1 *** - - 2 *** 1 *** 2 0.566
Experiment #2 Intercept Time (h) Nuts Turb Nuts * Turb
Parameters N R2 df p df p df p df p df p
Chl (g·L-1) 48 0.697 1 0.483 1 *** 4 *** 1 ** 4 0.726
Chl >10 m (g·L-1) 48 0.526 1 0.189 1 *** 4 * 1 ** 4 0.659
Chl >10 m / chl 48 0.236 1 *** 1 0.104 4 ** 1 0.083 4 0.914
Synecho (cells·mL-1) 48 0.308 1 *** 1 * 4 0.070 1 ** 4 0.459
Picoeuk (cells·mL-1) 48 0.790 1 *** 1 *** 4 *** 1 0.708 4 0.818
Bacteria (cells·mL-1) 48 0.224 1 *** 1 * 4 0.086 1 * 4 0.902
ANF (cells·mL-1) 12 0.960 1 *** - - 2 *** 1 0.141 2 *
HNF (cells·mL-1) 12 0.164 1 *** - - 2 0.145 1 0.699 2 0.496
TP (mol·L-1) 36 0.680 1 *** 1 ** 2 *** 1 0.112 2 0.168
POC (mol·L-1) 36 0.220 1 *** 1 0.111 2 0.259 1 * 2 0.248
PON (mol·L-1) 36 0.436 1 *** 1 ** 2 ** 1 ** 2 0.334
POP (mol·L-1) 12 0.976 1 *** - - 2 *** 1 ** 2 0.082
Cbact / Cosmotr 48 0.648 1 *** 1 *** 4 * 1 0.468 4 0.707
Total Biomass (g C·L-1) 12 0.987 1 *** - - 2 *** 1 *** 2 ***
Autotrophic Biomass 12 0.927 1 *** - - 2 *** 1 0.079 2 0.065
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for heterotrophic organisms. Notably, the concentration of bacteria was ca. 4 105 cells·mL-1, a value well 
below the usual bacterial abundances in these coastal waters (~106 cells·mL-1, Chapter 1). 
It thus seemed that the system was somehow exhausted after the annual winter bloom (which, 
according to the time series, decayed a few weeks prior to our sampling) and that the scarcity of nutrients 
hampered the growth of organisms. Indeed, the shortage of nutrients which usually characterizes post-
bloom conditions tends to fuel a well-coupled microbial community where consumption and recycling of 
available nutrients happen rapidly, and populations regulate each other tightly.
Given that inorganic nitrogen was in excess with regard to silicate and phosphate, we decided to add 
the last ones in excess in all enriched treatments, then a variable combination of nitrate and ammonium to 
explore whether shifts in the community were sensitive to different nitrogen partitioning. The combination 
of nutrient enrichments rendered interesting results. First, the consumption of nutrients was progressive, 
and abrupt changes were not observed in any of the treatments. Note that results were fairly consistent 
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between replicates (Fig. 5). Second, unlike in the Þ rst experiment, the decrease of N, P and Si did not 
match RedÞ eld proportions. When only silicate and phosphate were added (A tanks), a larger fraction of 
them was consumed than it was consumed in the controls, yet a consistent decrease of available inorganic 
nitrogen was not observed. When the additions comprised silicate, phosphate and nitrate (N tanks), the 
uptake of phosphate and silicate was nearly the same, but both ammonium and nitrate decreased. Adding 
higher amounts of silicate and phosphate but sticking to a maximum N addition of 4 mol·L-1 did not 
overturn the situation: the more phosphate and silicate were available, the more these nutrients were 
consumed, although the concomitant uptake of inorganic nitrogen was very low, and even some release of 
ammonium occurred (AM, NI treatments).
Biological response
Phytoplankton. Autotrophic organisms had a general positive response in all experimental treatments. 
In the controls, the concentration of chlorophyll remained constant, and the fraction of chlorophyll > 10 
m swung around a modest 20% (Fig. 1). When nutrients were added, irrespective of the total load or the 
N partitioning, chlorophyll reached a maximum concentration of ca. 2 g·L-1 (still conditions) or 3 g·L-1
(turbulent conditions). The amendments favoured the growth of large pigmented cells, and the fraction of 
chlorophyll > 10 m increased to about 30% in still tanks, and verged on 50% under turbulence. Differences 
in chlorophyll concentration between still and turbulent enriched tanks remained signiÞ cant after the 
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resuspension of settled material. Nonetheless, the Þ nal chlorophyll concentrations were low with regard 
to the chlorophyll values obtained during the Þ rst experiment. The total build-up of biomass in spring was 
certainly constrained by the initial low abundance of organisms, so we compared actual differences between 
experiments by adjusting an exponential growth model to the daily values of chlorophyll a and chlorophyll 
> 10 m. Net growth rates, i.e. the growth rate of each treatment minus the value of the controls, were 
consistently higher in autumn than in spring, though differences were signiÞ cant for total chlorophyll 
(p<0.001), but not for chlorophyll > 10 m (p~0.10). Interestingly, irrespective of these differences, growth 
rates from both experiments seemed to follow a common Michaelis-Menten curve when plotted against 
the concentration of ammonium and nitrate (Fig. 6). Further, turbulence positively affected the growth 
rate of total and fractioned chlorophyll in both experiments (p<0.001, Fig. 7). Unravelling the dynamics of 
the different pigmented organisms could provide some clues to understand the divergence in the biological 
response during both experimental simulations. 
Synechococcus sp. increased in all tanks during the Þ rst 48h (in some cases, up to the 72h) and 
despite the large nutrient gradient, minor differences were found among experimental enrichments. Only 
turbulence had signiÞ cant effects on the concentration of cyanobacteria (Table 2). In contrast, nutrient 
inputs had major effects on the concentration of pico and nanoeukaryotes, and stimulated the growth of 
phototrophic nanoß agellates. In the controls, picoeukaryotes increased their concentration by more than 
one order of magnitude (from 1.6 103 cells·mL-1 to over 2 104 cells·mL-1) but nutrient enrichments spurred 
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their growth further on, and the Þ nal concentrations were ca. 40-fold the initial values (~6 104 cells·mL-1, 
Fig. 1). Such exponential growth seemed to occur in all enriched tanks, regardless of turbulence or speciÞ c 
amendments (according to a Bonferroni post-hoc test, variance among enriched treatments was statistically 
non-signiÞ cant). Likewise, the addition of nutrients fostered the growth of autotrophic nanoß agellates 
(Fig. 2). Large increases were detected in the controls (6 to 8-fold the initial values), but these increments 
were largely surpassed in enriched tanks, were Þ nal concentrations of plastidic nanoß agellates ranged 
between 3.11 104 and 4.60 104 cells·mL-1. Nanoß agellates seemed to grow signiÞ cantly better in N than in 
A treatments, particularly when turbulence was applied (Table 2, Bonferroni post-hoc test: NT > NS, AS, 
AT > CS, CT ).
Looking closely at the microphytoplanktonic community, results showed a varying balance of 
diatoms and dinoß agellates as a function of both turbulence and nutrient amendments (Fig. 3). Initially, 
dinoß agellates and diatoms were equally abundant albeit cell concentrations were low for both groups 
(barely 6 103 cells·L-1). Without nutrient additions, dinoß agellates managed to maintain their population 
but diatoms decayed to minimum levels; in tanks receiving additional nutrients, diatoms overcame 
dinoß agellates. Cell concentrations were particularly unbalanced in turbulent treatments, which clearly 
favoured the proliferation of diatoms (p<0.05). Interestingly, most dinoß agellates were small-sized 
organisms, while a large proportion of growing diatoms, especially in turbulent treatments, corresponded 
to big centric diatoms (data not shown).
Heterotrophic organisms. As aforementioned, the initial concentration of bacteria was rather low 
(3.8 105 cells·mL-1), ca. half the usual value of bacterial abundance in the study area. However, bacterial 
groups grew rapidly and peaked in all tanks within 48h (Fig. 1). Maximum abundances were systematically 
higher in enriched than in non-enriched tanks, and in turbulent than in still conditions, although some 
of these differences were not statistically signiÞ cant (p-value for nutrient forcing was p~0.08, Table 2). 
Heterotrophic nanoß agellates (bacterial grazers) were also slightly favoured in enriched conditions with 
regard to control tanks, but their growth was slower and moderate increases were observed at the end of 
the experiment. 
Unlike in the Þ rst experiment, where autotrophic cells were major contributors to total C biomass 
throughout the whole experimental period (the autotrophic carbon ratio never dropped below 66%), in 
spring the heterotrophic component managed to offset the initial autotrophic dominance (autotrophs 
represented 63% of initial C biomass). In the controls, autotrophs comprised less than 40% of total C 
biomass at the end of the experiment whereas in enriched tanks this proportion was slightly higher, but 
never reached initial values (Fig. 4).
The sparse initial community and the somewhat lower biological growth observed during the second 
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experiment were particularly evident when looking at Þ nal biomass numbers. Differences between 
enriched and non-enriched treatments were clear (p-value <0.001, Table 2), but maximum biomass values 
were lower than those obtained in November (220 g C·L-1 vs 904 g C·L-1). Again, no distinction in terms 
of total biomass could be made between A and N treatments, yet turbulence did seem to have a positive 
effect on C biomass when combined with nutrient addition (p-value <0.001, Table 2). 
Discussion
One of the purposes of our experimental setup was to force the system towards a situation which was 
substantially different from the environmental conditions at the time of sampling. That was indeed the 
premise underpinning the use of various enrichments instead of repeated nutrient additions in both 
experiments. Using different nutrient loads and changing the relative concentrations of N, P and Si may 
certainly blur the comparisons, yet because our ultimate goal was not to compare the absolute variation 
of biological variables, but to explore the potential of episodic enrichments to induce shifts within the 
community, we decided to adapt the nutrient additions to the conditions found at the beginning of each 
experiment.
To examine the effects of N partitioning we used different combinations of ammonium and nitrate. We 
focused on ammonium and nitrate and not considered other N sources for several reasons. First, large 
ß uctuations of both nutrients can be found along the catalan coast; as early mentioned, changes in the 
NH
4
+ : NO
3
- ratio are chieß y related to terrestrial factors, i.e. land use, so the study of their differential 
effects on the coastal community is valuable from a management perspective. Second, albeit dinitrogen 
gas is an important source of nitrogen in many oceanic regions, it does not seem to be crucial in coastal 
areas (Conley et al. 2009 and references therein), partly because N Þ xation is an energetically expensive 
process left as a resource when other nitrogen forms are not readily available. On the contrary, DON can be 
a signiÞ cant source of nitrogen in nearshore waters. Seitzinger & Sanders (1997) estimated that DON can 
account for 20 to 90% of nitrogen inputs from rivers to the coastal zone, and Agedah et al. (2009) found 
a 19% contribution of DON to the total dissolved N load in the Colne estuary.  However, bioavailability of 
these organic material seems to be fairly variable (Seitzinger & Sanders 1997, Bronk et al. 2007, Agedah et 
al. 2009). In addition, DON is probably more important for bacteria than for phytoplankton (Bishop et al. 
1984), though this view is being challenged (Bronk et al. 2007). Anyhow, DON is difÞ cult to characterize 
and to standardize to a meaningful suite for experiments, adding extra uncertainty factors. 
As aforementioned, general information on the meteorological and oceanographic conditions before 
and after the day of water collection was available. Indeed, two meteorological perturbations affected 
our region during the sampling weeks. In November we caught the Þ rst signs of a cold front, whereas 
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in April a low-pressure system and strong eastern winds blew across the study area. The outcome was 
anyhow very similar: higher wind intensities and increased swell, which led to higher turbulence within 
the water column. Similarities between the initial conditions of both experiments, however, seemed to be 
restricted to this physical framework. Neither nutrient concentrations nor community composition were 
alike. Interestingly, the results of both experiments showed some common trends, but featured as well 
divergent biological responses which hinted at the importance of these distinct chemical and biological 
background. 
The main effects of the interplay between turbulence and N partitioning were more clearly drawn during 
the autumn simulation. In November the planktonic community was dominated by large autotrophs, 
mostly diatoms, and nutrient concentrations were high. Indeed, sampling water came from a well-mixed 
water column (temperature and salinity were homogeneous along the CTD proÞ le, data not shown) and 
this circumstance may have favoured the input of nutrients from deeper waters, perhaps from sediment 
resuspension, and a concomitant burst of diatoms. Given the availability of nutrients in the initial water, 
we would expect organisms to grow not only in the enriched tanks, but also in the controls. However, 
the growth of cells in unenriched conditions was uneven: there were no net chlorophyll increases in still 
tanks (CS), while a moderate increase in chlorophyll happened under turbulence (CT). Breaking down the 
various organisms comprised in chlorophyll measurements, it seemed that the net chlorophyll outcome was 
due to a balance between the sinking of large diatoms and the increase of small phototrophs. Small-sized 
autotrophic cells (cyanobacteria, picoeukaryotes, plastidic nanoß agellates) reached similar abundances in 
still and turbulent tanks, but large diatoms needed some turbulence to prevent cells from sinking (Figs. 
1-3). As a result, turbulent tanks sustained greater concentrations of chlorophyll, with a particularly large 
fraction of chl >10 m, but differences between still and turbulent treatments vanished after resuspension 
of the bottom sediment (data not shown). Estrada et al. (1987) claimed that a diatom bloom after enclosure 
is a predictable occurrence at times of the year when the inoculum community contains detectable 
nutrients. In our experiment, diatom growth did happen, but there was a fast decay of the populations due 
to sedimentation losses unless turbulence was applied. In the context of shallow coastal areas with depths 
of only a few meters, sinking of cells may be an important disadvantage for large organisms, and that gives 
hydrodynamics a preponderant role in maintaining the structure of the community. In contrast, in open 
ocean systems, nutrient inß ows are tightly linked to turbulence, so despite big-sized organisms may sink 
faster than small cells during blooming events, their sinking is mostly conÞ ned within the mixed layer and 
thus the relative decline of large organisms is smaller.
As expected, the growth of organisms was maximal in enriched experimental conditions. N treatments 
received a 10 mol·L-1 input of N, equally distributed in nitrate and ammonium. In practice, that meant 
an increase in nutrient concentration similar to the one which had naturally occurred at sea following 
Plankton response to turbulence and nitrogen source
173
wind-wave mixing (the quotient of ammonium to nitrate was ca. 1 in the initial seawater). In A treatments, 
9 mol·L-1 of N corresponded to ammonium, and only 1 mol·L-1 was added in the form of nitrate, 
mimicking the N partitioning of sewage waters. Nitrate uptake has been related to the predominance of 
large phytoplankton, whereas ammonium has been claimed to preferentially favour bacteria and small 
autotrophs (Le Bouteiller 1986, Wheeler & Kirchman 1986, Stolte et al. 1994, Riegman & Noordeloos 1998, 
Riegman et al. 1998, Mercado et al. 2008), so we expected to see a shift in the community composition. 
Roughly, most groups of small-sized cells (i.e. picoeukaryotes, cyanobacteria, heterotrophic bacteria) 
showed similar responses in all amended treatments, irrespective of N partitioning, and mild differences 
were also observed for bulk chlorophyll values. A likely explanation is that there were enough nutrients 
for all organisms to grow, regardless of their preferences for nitrate or ammonium, so that the organisms 
could maintain their preferential uptake for three days without triggering any mechanism of competitive 
exclusion. Similarly, Estrada et al. (2003) explored changes in the phytoplankton following nutrient 
additions with variable N:P ratios. Despite they did not focus on differences in the source of nitrogen 
and there were some clear divergences between the experimental setups (e.g. single initial amendment vs 
continuous intermittent nutrient additions, temporal length of the experiment, total nutrient load), their 
results support the view that nutrient imbalances per se are not important when the absolute amounts 
of each nutrient exceed limitation (or preference) thresholds. In their experiments, differences in the 
phytoplanktonic cells were only perceptible during a post-bloom phase (ca. 15 days after the Þ rst nutrient 
enrichment), presumably when there were growth limitations linked to nutrient deÞ ciencies. That somehow 
points out the importance of the duration of experimental simulations. We restricted the length of the 
experiment to a maximum of three days because (a) it is a likely duration for episodic forcing events in this 
part of the coast (Guadayol & Peters 2006) and (b) we were interested in community shifts directly related 
to varying nutrient inputs, and not in those mediated through secondary trophic interactions. Divergences 
in post-bloom communities may be due to a multiplicity of factors which are out of the scope of the present 
study. Besides, given the large variability of nearshore waters, it is likely that a series of perturbations occur 
within extended periods, e.g. 15 days, and thus the biological succession obtained in the enclosures would 
progressively divert from the dynamics of in situ communities.
Nonetheless, pigmented nanoß agellates had a distinct response between enrichments: their abundances 
were signiÞ cantly higher in ammonium-rich tanks (Fig. 2). Nanoß agellates increase was consistent 
between replicate tanks and matched with lower increases of diatoms in A than in N treatments. These 
results support thus the premise that small autotrophs grow preferentially on N-NH
4
+, whereas N-NO
3
-
may favour diatoms and other large phytoplankton cells. Le Bouteiller (1986) reported similar afÞ nities for 
ammonium and nitrate in several size fractionation experiments, and Riegman et al. (1998) showed a good 
correspondence between the abundance of small autotrophs and the consumption of ammonium, and a 
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preferential uptake of nitrate by large phytoplankton during bloom events. Likewise, in the Mediterranean, 
Mercado et al. (2008) proved that large nitrate uptakes were well-correlated with microphytoplankton cells 
at non-limiting N concentrations. Note that in our simulation, A tanks displayed excess ammonium but N 
tanks had an even proportion of ammonium and nitrate. This could explain the overwhelming response of 
nanoß agellates in A tanks and the comparatively moderate reaction of diatoms in N tanks, in spite of their 
potential advantage in N-NO
3
- uptake over other groups. 
Various hypotheses have been put forward to explain the different afÞ nities for N compounds between 
phytoplanktonic groups. Under the tenet that ammonium is the preferred N source for all algae, Morel 
et al. (1991) suggested that growth afÞ nity for ammonium of small cells is better than that of large cells 
because large organisms suffer from a stronger diffusion limitation. Large phytoplankton would therefore 
be more dependent on alternative nitrogen sources, from which nitrate is often available in the highest 
concentrations. Stolte et al. (1994) remarked, however, that this differential advantage of small cells would 
only be determinant under diffusion-limited conditions, whereas under ß uctuating nutrient regimes large 
algae would dominate the community on account of their storage capacity. More speciÞ cally, Stolte et al. 
(1994) argued that ammonium, being a positively charged or neutral (NH
3
) molecule, may not be a suitable 
storage product, because it can easily diffuse over biological membranes. In contrast, nitrate is a negatively 
charged ion that can not diffuse so easily over the cell membrane. Hence, nitrate can be stored in higher 
concentrations, possibly in the cell vacuole, than ammonium. The authors suggest that this may explain, 
to some extent, the relation of cell size with ammonium and with nitrate uptake characteristics (Stolte et 
al. 1994).
In our experiment, in addition to the discrepancies found in dominant planktonic groups as a 
result of different N sources, enriched tanks disclosed some signiÞ cant differences between still and 
turbulent treatments which persisted after the resuspension of settled material, mainly concerning the 
biomass of microphytoplanktonic cells (ANOVA, p-value<0.05 for chl, chl >10 m and total C biomass 
after resuspension at the end of the experiment). Indeed, there seemed to be an analogous/overlying 
size-dependent gradient for the effects of turbulence on phytoplanktonic organisms: no perceptible 
changes in the abundance of cyanobacteria happened under turbulence; slight differences were seen for 
picoeukaryotes and nanoß agellates (particularly in N tanks) and large increases were distinguishable 
on microphytoplanktonic cells, particularly on the number of diatoms. These differential inß uence is in 
agreement with the general theory concerning the effects of small-scale turbulence on planktonic organisms, 
and can be ascribed to a double process: on the one hand, turbulence prevents big cells from sinking and 
allows for sustained growth (as previously seen in unenriched enclosures); on the other, turbulence is 
known to improve nutrient uptake in osmotrophic organisms, and the effect is proportional to cell size 
(Lazier & Mann 1989, Karp-Boss et al. 1996). The observed effects of turbulence along the size spectrum 
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of the community are fully coincident with the results in Cózar & Echevarría (2005). A number of other 
studies (Petersen et al. 1998, Arin et al. 2002) have also found that turbulence favoured the abundance of 
large autotrophs under nutrient-rich conditions. 
It is worth to mention that turbulence also favoured an increase in bacterial abundance regardless of 
nutrient addition (p<0.001, Table 2). We know from previous experiments (Peters et al. 1998) that bacteria 
show insigniÞ cant sedimentation, thus the positive response to turbulence may be either due to increased 
availability of large dissolved molecules and colloids, or to shifts in the grazing pressure of phagotrophic 
ß agellates (Peters et al. 1998, Peters et al. 2002, Malits et al. 2004). 
In summary, although high nutrient supply in the autumn simulation favoured the growth of all 
planktonic groups under all nutrient conditions, somehow smoothing the effects of N partitioning on 
the overall community, rapid changes could be observed for micro- and nanophytoplankton. Turbulence 
favoured large cells, particularly diatoms, adding complexity to the Þ nal outcome. Indeed, the rapid 
growth of small autotrophic ß agellates in ammonium-rich waters was partly counteracted by diatom 
increases when turbulence was applied, stressing the importance of turbulence coupling during short-lived 
disturbing events. In accordance with our initial hypothesis, the combination of N-NO
3
- and turbulence 
was particularly beneÞ cial for diatoms. Based only on theoretical considerations, the ß ux of nitrate to a 
cell surface should be slightly favoured with respect to ammonium under turbulent conditions. The nitrate 
molecule is heavier than the ammonium molecule, and has a somewhat lower molecular diffusivity. This 
results in a higher Sherwood number for nitrate under the same turbulent shear intensity. The difference 
is small, but may add to the preference of nitrate by large osmotrophs such as diatoms. 
Note that phytoplankton community shifts were not evident when measuring bulk chlorophyll 
or total biomass, and no substantial changes in terms of the equilibrium autotrophy-heterotrophy 
occurred. Autotrophs, which dominated the community initially, maintained this dominance at the end 
of the experiment, although that did not hamper simultaneous bacterial growth. Observed changes in 
phytoplankton size distribution are, nonetheless, important for the functioning of the marine microbial 
community. The results of the autumn experiment show that, even during periods of clear diatom 
dominance, signiÞ cant shifts towards a larger abundance of nanophytoplankton may occur within short 
time intervals if nutrient inputs display clearly unbalanced NH
4
+ : NO
3
- ratios.
The main trends observed during the autumn experiment were backed up by the outcome of the 
experimental simulation in spring, despite the initial planktonic assemblages were substantially different. 
Moreover, discrepancies between both experiments unveiled some interesting features. Unlike in autumn, 
a low concentration of nutrients and a low abundance of planktonic organisms (mainly small-sized cells) 
characterised the community in April. According to the time-series for the study area (see Chapter 1), the 
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sampling took place only a few weeks after the decay of the annual chlorophyll maxima, hence suggesting 
that the scarcity of nutrients and the sparse planktonic population could correspond to a post-bloom 
state. In particular, all nutrients except for ammonium were in low concentrations. Ammonium is a by-
product of bacterial metabolism and nutrient recycling, and thus an additional symptom of the well-tuned 
microbial community present in the water. Initially, ammonium exceeded nitrate, and N:P was clearly 
unbalanced (potential P-limitation). We added phosphate and silicate in excess to overcome this potential 
P or Si limitation, then added variable amounts of N, never surpassing a total load of 4 mol N L-1. 
Given the variety of amendments, the easiest way to elucidate the operating mechanisms may be following 
the sequence of additions: in the controls, chlorophyll concentration remained close to the initial values, 
and no differences were found between still and turbulent tanks (not before neither after resuspension). 
This result is consistent with the fact that most of the autotrophic population were dinoß agellates and 
small nanoß agellates, and both groups are poorly affected by sedimentation processes. Indeed, some of 
the initial centric diatoms decayed, but a remarkable increase in autotrophic nanoß agellates offset the loss. 
The addition of phosphate and silicate (A treatments) induced some diatom growth, particularly under 
turbulence, but major immediate increases corresponded to pigmented ß agellates and picoeukaryotes. 
Given that the initial water was enriched in ammonium, the observed growth of nanoß agellates and 
picoeukaryotes would be in accordance with the results obtained in the autumn experiment, which again 
underlines the afÞ nity of small autotrophs for N-NH
4
+ (Le Bouteiller 1986, Kokkinakis & Wheeler 1988, Stolte 
et al. 1994). Interestingly, in A treatments the decrease of inorganic nitrogen was lower than that calculated 
from the phosphate drop assuming RedÞ eld ratios. That may point towards a P-luxury consumption, 
which would agree with the seeming P-limited condition of the cells in the inoculum (Thingstad et al. 1993, 
Ediger et al. 2005, Thingstad et al. 2005). Otherwise, the apparent lower N consumption could be due to a 
rapid regeneration of N compounds (Dortch 1990). Rapid recycling processes would indeed be expected in 
microbial communities dominated by small-sized organisms and exposed to oligotrophic conditions, that 
is, similar to our initial community. Recycling of N compounds could also explain the slight ß uctuations of 
ammonium concentration observed in A treatments. 
When phosphate, silicate and nitrate were added (N treatments), the response of pico and 
nanophytoplankton was very similar to A in terms of population dynamics and maximum abundances, 
but a slightly larger amount of diatoms was obtained in turbulent treatments (reß ected also in the fraction 
of chl >10 m). Curiously, both the net chlorophyll increase and the bacterial growth were close in A and 
N treatments, but whereas the consumption of nitrogen was slow in A tanks, both ammonium and nitrate 
were rapidly depleted in N containers (Fig. 5). We argue that this discrepancy may be a consequence 
of community shifts and increased competence among organisms. In A treatments, the abundance of 
ammonium favoured the growth of small autotrophs and bacteria, likely reinforcing the microbial loop and 
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the regeneration of N. In contrast, when the nutrient addition included nitrate, larger phytoplankton were 
further stimulated (mainly diatoms but also pigmented nanoß agellates), and these may be responsible for 
the greater uptake of N compounds, notably for the drop of nitrate. 
The pattern repeated somehow in the remaining treatments: in NI tanks, we added again a combination 
of phosphate, silicate and nitrate, but the load of phosphate and silicate was two-fold that in N treatments 
(see Table 1). This relative excess of P and Si with regard to N did not affect much the growth of the 
organisms, i.e. the peaks of cyanobacteria, picoeukaryotes, heterotrophic bacteria and microphytoplankton 
were similar in N and NI tanks, yet again, the relative uptake of phosphate was larger than that of nitrate 
and silicate (assuming RedÞ eld ratios). This suggests that if the N:P value in the water was low enough, 
cells performed some P-luxury consumption. In AM tanks, the total addition of P, Si and N was like in 
NI treatments, but we split nitrogen inputs into nitrate and ammonium. The results were very similar to 
those in NI except for the growth of microphytoplankton, which were clearly favoured at higher nitrate 
concentrations, as reported in the autumn experiment. 
Overall, it stands out that during the second experiment, regardless of the N partitioning or the total 
amount of nutrients added, the largest increases corresponded to small autotrophs and bacteria. Larger 
organisms needed the addition of nutrients to grow, and diatoms were strongly dependant on both nitrate 
and turbulent mixing. In contrast, bacteria and Synechococcus sp. cells managed to peak in the control 
tanks. The highest response to enrichments, nonetheless, corresponded to picoeukaryotes, and maximum 
cell abundances were attained both under ammonium and nitrate-rich conditions (A vs N). This community 
dynamics has a series of interesting implications:
(i) Bacterial and cyanobacterial growth could be mostly sustained by the initial nutrient concentrations, 
and additional inorganic nutrients did not represent a further stimulus. Carbon limitation (DOC) could 
partly explain bacterial decrease at the end of the experimental simulation, but not the halt of Synechococcus
sp. It is thus likely that both populations were controlled by grazers. An indirect sign of this tight control by 
predators was found in turbulent tanks. Similar to what we observed in the autumn experiment, bacterial 
numbers were systematically higher under turbulence in all treatments (p<0.05, Table 2). Some authors 
claim that this may be due to a change in the grazing of phagotrophic ß agellates, that shift to larger or more 
nutritious preys (Peters et al. 1998, Peters et al. 2002, Malits et al. 2004). Indeed, the higher bacterial 
numbers in T tanks coincide with lower numbers of Synechococcus sp. (and in some cases, with a lower 
density of picoeukaryotes), suggesting that the latter were preferentially grazed by heterotrophic ß agellates 
and showing, anyhow, a strong predation control.
(ii) Picoeukaryotes, nanoß agellates and microphytoplankton were likely P-limited in spring, because 
signiÞ cant cell increases were seen after P and Si inputs in A tanks. Further increases in the total load of 
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P and Si did not have any additional effect, but nitrate inputs seemed to favour the largest osmotrophs, 
particularly when combined with turbulence (Figs. 1-2). The positive response of diatoms to the combination 
of turbulence and nitrate supports the results of the Þ rst experiment. Besides, in agreement with Guadayol 
et al. (2009), the smallest fraction was responsible for the initial chlorophyll increase, while blooms of 
microphytoplankton required more time or stronger perturbations to develop. In our experiment, large 
autotrophs (taking chl >10 m as a proxy) grew mainly after the second day. 
(iii) Low relative concentrations of nitrate tended to concur with lower increases of microphytoplankton 
and lower N uptake. With lower competition from large osmotrophs, we would expect a very active 
microbial loop and a close coupling among small organisms. Indeed, in A and AM tanks, there was an 
increase in the concentration of ammonium after the Þ rst day, suggesting enhanced bacterial decomposer 
activity and/or an intense top-down control of small cells.
Common patterns, comparisons and general considerations
Several common patterns could be drawn from the results of both experiments. First, regardless of 
differences in absolute cell abundances, the biological succession always started with a peak of bacteria and 
cyanobacteria (24h), a maximum in picoeukaryotes (48 to 72h) and Þ nally the increase of nanoß agellates 
and microphytoplankton. Second, albeit we used varying ratios of ammonium and nitrate, the results of 
both experiments hint at a preference of microphytoplankton (particularly diatoms) towards nitrate, and 
an advantage of small cells (particularly autotrophic nanoß agellates) under ammonium-rich conditions. 
However, the differential advantage of any of these groups owing to N partitioning could be substantially 
modiÞ ed by turbulence. Thus, under ammonium-rich and turbulent conditions, the higher afÞ nity of small 
cells for ammonium was partly counteracted by the positive effect of turbulence on the growth of large 
osmotrophs; conversely, if nitrate inputs were accompanied by mixing, the abundance of diatoms was 
largely favoured.
The quick bacterial response was also found by Guadayol et al. (2009) in a series of experiments, but in 
their study, bacterial increases were rapidly overriden by autotrophic growth during most part of the year. 
Estrada et al. (2003) also found bacterial peaks following nutrient additions, yet again these were minor 
with respect to the chlorophyll response. Unlike these studies, water for our experiments was sampled 
in Barcelonas coastal waters. Near the city, the anthropogenic inß uence is large and one of the likeliest 
consequences is a high load of dissolved organic substances. The availability of DOM stimulates bacterial 
production, and it can damp the degree of coupling between bacterial and primary productivity (Ducklow 
& Kirchman 1983, Kirchman et al. 1989) or bias the equilibrium between bacteria and phytoplankton 
when both groups compete for limited resources. That could explain why bacterial peaks were large 
and systematically preceded phytoplankton growth in our experiments, despite the dissimilar initial 
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communities and the differences in nutrient availability.  
The higher growth rates of chlorophyll found in autumn contrast with the conclusions in Guadayol et 
al. (2009), who analyzed the response of autotrophs to nutrient enrichments during an annual cycle and 
found the largest biological changes in the summer, and a modest response in the winter. The authors 
speculated that the starvation state of the cells accounted for the differential behaviour. Brieß y, long-
lasting stratiÞ cation during the warm period limited the inß ow of nutrients, so the organisms were severely 
nutrient-limited and showed an enhanced response to experimental nutrient enrichments. In the winter, 
the availability of nutrients already allowed high growth rates in natural waters, so that the addition of extra 
nutrients led to a relatively low response. Nonetheless, these authors reported a wide range of chlorophyll 
growth rates in the spring, which could be barely discerned from rates obtained for other periods of the 
year. We deliberately selected two periods with rapid environmental transitions, thus great differences 
in growth rates were not likely to occur. Besides, direct comparisons can not be fully established, since 
they assessed regular perturbations (nutrient amendments were low and constant throughout the year), 
whilst we shifted the load and the elemental ratio of our enrichments to test differential responses. Our 
perturbations were purposely on the upper range, and the outcome may be substantially different. 
One of the most striking results in our experiments was the small divergence found between enrichments 
in either the general community dynamics or the total biomass growth. Sudden nutrient pulses certainly 
induced major changes within the planktonic community with respect to non-enriched scenarios, but 
whether these nutrient inputs were rich in nitrate or ammonium, or unbalanced in terms of elemental 
ratios (i.e. N:P:Si ratios clearly biased from RedÞ eld values) did not seem to be a key determining factor for 
the immediate response of several groups, particularly among the smallest components of the planktonic 
community. One of the hypotheses to test was indeed whether abrupt community changes could be due to 
quick nutrient ß ushes. In that regard, it seems that, in our system, shifts related to ammonium overload 
were easier to occur than those induced by excess nitrate; that is, the progress from diatom-dominated 
communities to assemblages dominated by pico and nanoplankton was faster than the opposite move, 
i.e. the switch from small cells to large osmotrophs after nitrate pulses. This limitation, partly due to the 
natural slower response of large osmotrophs (e.g. Guadayol et al. 2009), and partly due to the presence 
of a very active background microbial loop, could be overcome under turbulent conditions. In any case, 
it should be noted that we are only considering those changes that happened within a short time frame 
(3 days). Longer delays can entail strong community shifts, but these may not reß ect the direct effects 
of nutrient pulses on the community, particularly in coastal areas subjected to dynamic physical forcing 
and/or rapid water movements where nutrient spills can easily dissipate. Further, turbulence was a key 
determining factor for bulk community variables such as chlorophyll concentration or total biomass, in 
particular when the community comprised large autotrophic organisms. 
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In general, it seems that coastal assemblages frequently dominated by small-sized cells, with tight 
predation checks and an active microbial loop, are efÞ cient systems in the consumption and recycling of 
nutrient pulses, and have a certain potential to cushion the effects of episodic spills. Even during periods 
when these communities display larger fractions of diatoms and other microphytoplankton, inputs enriched 
in ammonium favour the rapid emergence of small autotrophs and heterotrophic bacteria, reinforcing 
the microbial loop and ultimately restricting the growth of large phytoplankton. On the other hand, the 
relative success of diatoms is strongly inß uenced by the availability of nitrate, but also by the turbulence 
regime: diatom growth may be fostered in coastal waters receiving high ammonium loads and featuring 
a dynamic microbial loop if nutrient inputs are coupled to turbulent mixing. Finally, as shown in both 
experimental simulations, community shifts linked to nutrient imbalances may not always be measurable 
in terms of chlorophyll or total biomass, but can be signiÞ cant regarding the size distribution and the 
functioning of the community.
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An enhancement of aeolian inputs to the 
ocean due to a future increase in aridity in 
certain parts of the world is predicted from 
Global Change. We conducted an experimental 
simulation to assess the biological response of 
NW Mediterranean coastal surface waters to an 
episodic dust addition. On the assumption that 
planktonic growth was limited by phosphorus, 
dust effects were compared to those induced by 
equivalent enrichments of inorganic phosphate. 
The experiment analyzed the dynamics of 
several parameters during one week: inorganic 
nutrients, total and fractioned chlorophyll a, 
bacterial abundance, phytoplankton species 
composition, abundance of autotrophic and 
heterotrophic ß agellates, particulate organic 
carbon and particulate organic nitrogen. The 
maximum addition of dust (0.5 g dust L-1) set off 
an increase in bacterial abundance. After 48h 
bacterial numbers decayed because of a peak in 
heterotrophic ß agellates and signiÞ cant growth 
of autotrophic organisms, mainly nanoß agellates 
but also diatoms, was observed. On the contrary, 
lower inputs of dust (0.05 g dust L-1) and phosphate 
enrichments (0.5 μmol PO
4
3- L-1) only produced 
increases in phototrophic nanoß agellates. In 
our experiment, dust triggered bacterial growth, 
changed phytoplankton dynamics, and affected 
the ratio of autotrophic to heterotrophic biomass, 
adding to the variability in the sources that affect 
system dynamics, energy and carbon budgets 
and ultimately higher trophic levels of the coastal 
marine food web.
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Introduction
The dynamics of plankton in temperate and subtropical oceanic waters has a strong seasonality driven 
mainly by the winter mixing that brings new nutrients to the upper euphotic layer. In coastal areas this 
seasonality tends to be smeared out without a clear pattern (Cloern & Jassby 2008). Higher nutrient 
availability, multiple nutrient sources with their own dynamics, and nutrient imbalances with respect to 
the RedÞ eld ratio are likely causes of the larger variability. As an example, the dynamics in Blanes Bay (NW 
Mediterranean) seems to be largely driven by speciÞ c events (Guadayol et al. 2009) on top of a seasonal 
background. Inorganic nutrients of terrestrial origin are supplied to the coastal system through runoff, 
driven in part by episodic meteorological phenomena. Nutrients are also resuspended into the water 
column through storm and wave action. Another potential event-driven source of nutrients is atmospheric 
deposition, with a highly variable component of dust from Saharan origin.
The Saharan and Sahel regions are two of the most active ones in terms of dust export (Prospero et al. 
1996, Lee et al. 2006, Maher et al. 2010). Pérez et al. (2007) estimate that these two areas are responsible 
for more than half of the worlds mineral dust emissions. A remarkable part of this dust travels across 
the Mediterranean Sea and is deposited within its coastal area (Loÿe-Pilot & Martin 1996, Guerzoni et al. 
1999). Saharan dust is known to contain a variable amount of inorganic nutrients (Duce & Tindale 1991, 
Bergametti et al. 1992, Jickells 1995, Prospero et al. 1996). Several studies have been conducted to test 
aerosol effects in the Atlantic Ocean (Blain et al. 2004, Mills et al. 2004, Duarte et al. 2006), in the eastern 
Mediterranean basin (Herut et al. 2005, Eker-Develi et al. 2006), and in the western Mediterranean Sea 
(Klein et al. 1997, Bonnet et al. 2005, Pulido-Villena et al. 2008, Pulido-Villena et al. 2010). These studies, 
conducted within an open sea scenario, have shown variable results. A positive impact on autotrophic 
communities has been experimentally shown (Mills et al. 2004, Bonnet et al. 2005), and increases in 
bacterial activity and abundance following dust enrichments have also been reported, both in experiments 
and with direct measurements at sea (Herut et al. 2005, Pulido-Villena et al. 2008, Pulido-Villena et 
al. 2010). Whether such biological responses are mutually exclusive, part of a seasonal and common 
ecological succession, or particular for certain locations or environmental conditions is yet under scientiÞ c 
consideration.
Stimulation of plankton components with dust is usually related to the alleviation of macro- or 
micro-nutrient limitation. The Mediterranean is an oligotrophic sea thought to be globally limited by 
phosphorus (Bethoux et al. 2005, Bartoli et al. 2005, Siokou-Frangou et al. 2010), albeit inorganic nutrient 
concentrations are very low and the system is often found to switch between different limiting nutrients 
(Thingstad et al 1998, Marty et al. 2002, Sala et al. 2002, Lucea et al. 2005, Pinhassi et al. 2006). The input 
of phosphorus is 82% of terrestrial origin, including atmospheric sources, compared to 2% for the global 
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ocean (Bethoux & Migon 2009). Terrestrial sources of nutrients have an N:P composition higher than 
the RedÞ eld ratio of 16 for plankton thus exacerbating P limitation in the long term. Hence, phosphorus 
in atmospheric dust, even if present in relatively low amounts (Markaki et al. 2008), is a candidate for 
plankton stimulation events (Pulido-Villena et al. 2010). The importance of atmospheric dust loads may 
become even larger as desertiÞ cation in the North African and Mediterranean regions increases in future 
climate scenarios (Gao & Giorgi 2008). 
The present study describes the response of a natural coastal planktonic community to large dust 
additions and examines whether the changes induced by dust are comparable to the effects of equivalent 
phosphate enrichments. The experiment includes small-scale turbulence as a secondary environmental 
variable to test whether turbulent conditions, often accompanying dust storms, lessen or enhance the 
effects of dust on the planktonic community. The study determines whether dust inputs can drive changes 
in biomass and structure within the microbial community of a particular NW Mediterranean coastal site, 
and if such changes may shift the balance between autotrophy and heterotrophy.
Materials and methods
Aerosol collection
Aerosols used in the experiment were gathered during an intense Saharan dust wet deposition event 
associated with a cold front in Nice, France (43°4210 N, 7°169 E) on February 21, 2004. The Dust 
REgional Atmospheric Model (DREAM, www.bsc.es/projects/earthscience/DREAM) wet deposition 
forecast for this day shows a large area of Southern France, Northern Italy and the Northwest Mediterranean 
above 41°N with a deposition above 1 g m-2. The mass ß ux measured at the nearby meteorological station of 
Cap Ferrat during the event was 22 g m-2 (pers. comm. Christoph Migon). We collected the dust in a plastic 
tray (ca. 0.28 m2) exposed during the storm event (>1 d), with a locally estimated mass ß ux of 64 g m-2. The 
dust was dried (60ºC, 48h) and stored in an acid-washed polypropylene bottle. Before use, the dust was 
ground to homogenize the sample.
Water sampling and experimental setup 
Water for the experiment was collected at the Blanes Bay Microbial Observatory (41°400 N, 2°480 E) 
on May 16th, 2006. Table 1 shows the N:P ratio for Blanes Bay. The mean molar N:P is 23 and shows no 
clear seasonal pattern (no signiÞ cant seasonal autocorrelation), although the average summer value of 
18 is slightly lower than for the rest of the year (24 in winter, 27 in spring and 22 in autumn). Inorganic 
phosphorus ranges from < 0.02 (undetectable) to 0.94 μmol L-1 with an annual mean and standard 
deviation of 0.16 ± 0.10 μmol L-1. Dissolved inorganic nitrogen ranges from 0.22 to 8.60 μmol L-1 with an 
annual mean and standard deviation of 2.60 ± 1.80 μmol L-1. 
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Table 1. Nutrient data for Blanes Bay summarized from March 2001 to January 2008 (Blanes Bay 
Microbial Observatory). Data are means with standard errors in parenthesis.
Season
day range 
(m/d)
n
NO
3
+NO
2
(μmol L-1)
NH
4
(μmol L-1)
Si
(μmol L-1)
P
(μmol L-1) N:P
All 1/1 - 12/31 108 1.52 (0.15) 1.08 (0.08) 1.64 (0.14) 0.16 (0.01) 22.6 (2.48)
Winter 12/21-3/20 26 2.34 (0.37) 1.21 (0.23) 1.96 (0.32) 0.17 (0.01) 24.5 (3.64)
Spring 3/21-6/20 25 1.86 (0.26) 1.07 (0.15) 1.97 (0.30) 0.19 (0.03) 26.7 (8.18)
Summer 6/21-9/20 25 0.54 (0.10) 1.00 (0.10) 0.92 (0.12) 0.13 (0.01) 17.7 (4.17)
Autumn 9/21-12/20 32 1.36 (0.25) 1.04 (0.12) 1.69 (0.30) 0.14 (0.01) 21.5 (3.26)
After screening the water through a 150 μm Nylon mesh, we Þ lled 20 liter plastic carboys that had 
previously been washed with a dilute solution of sodium hypochloride and thoroughly rinsed with 
tap water, milli-Q water and sample water. Water was taken to the laboratory, where 15 L cylindrical 
metacrylate containers were used for the experiment. Each of these containers was Þ lled with 7.5 liters 
of water, and they were subjected to experimental conditions in a light and temperature controlled 
environmental chamber during 7 days. We had eight experimental conditions (Table 2, and Lekunberri 
et al. 2010) determined by three variables: level of dust addition (DL, DH), phosphate enrichment (P) 
and absence/presence of turbulence (S, T). Controls (C) were not enriched with either phosphate or dust. 
We could not replicate all treatment combinations due to logistical constraints. The trade-off between the 
desired multifactor design and the number of feasible units was solved in favor of duplicating some of the 
combinations, namely CS, CT, DLS and DLT.
Small-scale turbulence was generated by means of vertically-oscillating grids with a mechanical device 
described before (Peters et al. 2002). We used a turbulent kinetic energy dissipation rate of 10-2 cm2
s-3, estimated from the equations in Peters & Gross (1994). This value is within the range of turbulence 
intensities in coastal areas (Kiørboe & Saiz 1995). Turbulence was only applied during the Þ rst three days 
of the experiment, a typical duration for turbulence events of the applied mean intensity in the Blanes 
area (Guadayol & Peters 2006). Thereby, containers corresponding to T treatments underwent turbulent 
conditions for three days and remained still until the end of the experiment, whereas S treatments were 
kept still all along.
Both dust and inorganic phosphate were added as a unique dose at the beginning of the experiment. 
According to Ridame & Guieu (2002), 60% of Saharan rains carry between 0.005 and 8 g of dust per liter. 
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Table 2. Summary of experimental conditions.
Code Dust addition P enrichment Turbulence
CSa no no no
CTa no no yes
DLSa 0.05 g L-1 no no
DLTa 0.05 g L-1 no yes
DHS 0.5 g L-1 no no
DHT 0.5 g L-1 no yes
PS no 0.5 mol L-1 no
PT no 0.5 mol L-1 yes
aconsisted of two replicated containers 
We did a preliminary nutrient release test for different dust concentrations in the water (Fig. 1). A 0.05 g 
L-1 dust concentration released 0.38 ± 0.08 μmol PO
4
3- L-1. We thus decided to use a dust addition of 0.05 g 
L-1 as our low addition level (DL) and of 0.5 g L-1 as our high addition level (DH). To check whether a similar 
addition of inorganic phosphorus produced the same effects on the planktonic community, P treatments 
were enriched with inorganic PO
4
3- at a concentration of 0.5 μmol L-1.
Temperature was adjusted to the in situ water temperature (17ºC) and light conditions were set to 225 
μmol photons m-2 s-1 inside the containers. The light:dark cycle (14.5h : 9.5h) was also adjusted to that of 
the time of the year. The experiment started within 3 to 4 hours of water collection. Samples for inorganic 
nutrients, total and fractioned chlorophyll a, and bacteria were taken daily (except for day 5). Samples for 
heterotrophic and autotrophic ß agellates, particulate organic carbon, particulate organic nitrogen, and 
phytoplankton were taken on days 0, 3 and 7.
Analytical procedures
Inorganic nutrients, namely nitrate, nitrite, ammonium, silicate  and phosphate, were determined with 
an Alliance Evolution II autoanalyzer following the methods in Hansen & Koroleff (1999) with minor 
modiÞ cations. The detection limits in the lowest range (MDL) for the instrument are 0.01 (nitrate + 
nitrite), 0.0015 (nitrite), 0.034 (ammonium), 0.016 (silicate) and 0.02 (phosphate), all in μmol L-1.
Total and fractioned (>3 m, >10 m) chlorophyll a were measured according to the procedure described 
in Yentsch & Menzel (1963). For total chl a, 20 mL samples were Þ ltered through Whatman GF/F glass 
Þ ber Þ lters. For the >3 m and >10 m fractions, 30 to 50 mL samples were Þ ltered through 3-m and 10-
m pore size Whatman Nuclepore polycarbonate Þ lters respectively. All Þ lters were then plunged in 90% 
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acetone and left in the dark at 4ºC for 24h. The ß uorescence of the extract was measured with a Turner 
Designs ß uorometer.
Bacteria were determined by ß ow cytometry (Gasol & del Giorgio 2000). Samples (1.8 mL) were Þ xed 
with 0.18 mL of a 10% paraformaldehyde and 0.5% glutaraldehyde mixture. Subsamples of 200 L were 
stained with SYTO13 (Molecular Probes) at 2.5 mol L-1 (diluted in DMS), left to stain for 15 minutes in the 
dark and then ran at low speed (ca. 12 L min-1) through a Becton Dickinson FACScalibur ß ow cytometer 
with a laser emitting at 488 nm. As an internal standard, we added 10 L per sample of a 106 mL-1 solution 
of yellow-green 0.92 m latex beads (Polysciences).
Autotrophic and heterotrophic nanoß agellates were estimated by epiß uorescence microscopy (Porter 
& Feig 1980). Samples for ß agellates were Þ xed with glutaraldehyde (1% Þ nal concentration), stained with 
DAPI (5 g mL-1) and Þ ltered on 0.8 m black polycarbonate membranes. The Þ lters were then mounted 
on microscope slides and kept frozen at -20ºC. Counts were done on a Nikon Labophot epiß uorescence 
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microscope at x1250 magniÞ cation. Between 180 and 200 nanoß agellates were counted on each Þ lter, 
and they were sized using a calibrated ocular micrometer in 4 classes (<4 m, 4-8 m, 8-16 m, >16 m). 
Autotrophic and heterotrophic organisms were distinguished by the red ß uorescence of chlorophyll under 
blue light excitation. 
Other phytoplankton cells (mainly diatoms and dinoß agellates) were enumerated in 50 cm3 settling 
chambers using the Utermöhl technique (Utermöhl 1958). Samples were Þ xed with a formalin-hexamine 
solution (0.4% Þ nal concentration) and kept at 4ºC until counting. The observed organisms were sized and 
classiÞ ed to the lowest possible taxonomic level. Picophytoplankton was enumerated using ß ow cytometry 
and reported mainly elsewhere (Lekunberri et al. 2010).
Particulate organic carbon and nitrogen were collected (up to 500 mL) on pre-combusted Whatman 
GF/F Þ lters. Samples were kept frozen at -80ºC until analysis. Measurements were carried out with a 
Perkin Elmer 2400 CHN analyzer. An acetanilide standard was used daily. The precision of the method is 
±0.3 μmol C L-1 and ±0.1 μmol N L-1. 
For plankton biomass estimations, chlorophyll a values were converted to carbon using a factor of 50 
g of carbon per g of chl (Eppley et al. 1977, Redalje 1983). This is within the range of values reported by 
Delgado et al. (1992) for surface waters in the NW Mediterranean. Bacterial biomass was estimated by ß ow 
cytometry following the methodology described in Gasol & del Giorgio (2000), using a carbon conversion 
factor of 0.35 pg C m-3 (Bjørnsen 1986), which resulted in an average value of 21 fg C cell-1. Cell volume of 
ß agellates was established from the mean value of each size class, assuming a prolate spheroid shape. In 
this latter case, conversion to carbon was calculated with the equation pg C cell-1 = 0.433 · (m3)0.863 (Verity 
et al. 1992). Similarly, carbon content of microphytoplankton was estimated applying the formula pg C 
cell-1 = 0.109 · (m3)0.991  (Montagnes et al. 1994) to biovolumne determinations (Hillebrand et al. 1999).
Statistical analyses 
Statistical analyses were performed with Statistica version 6 (StatSoft Inc., Tulsa, OK, USA) and JMP 
version 8 (SAS Institute Inc., Cary, NC, USA.). SigniÞ cance was considered for probability values < 0.05. 
Results
Nutrient dynamics 
Initial nutrient concentrations were rather low compared to averages for the season from 2001 to 
2008 (Table 1). Nitrate plus nitrite showed a concentration of 0.51 μmol L-1, ammonium of 0.73 μmol L-1, 
phosphate of 0.04 μmol L-1 and silicate of 0.64 μmol L-1. Although all inorganic nutrients showed lower 
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concentrations than average for the time of the year, the largest imbalance was the ratio of nitrate plus 
nitrite to ammonium of 0.70 when the average is 1.72, more than double. The N:P ratio of the initial water 
was 31.
Concentrations of inorganic nutrients for all experimental conditions throughout the seven days of the 
experiment are shown in Fig. 2. Overall, non-enriched control treatments (C) showed the smallest variation 
amplitude over time, although their dynamics were fairly similar to those in the DL and P containers. On 
the contrary, major differences were found in containers with large inputs of dust (DH), particularly for 
phosphate, ammonium and silicate (analysis of covariance, Bonferroni post-hoc test, p-value < 0.001). 
Results from nutrient analyses performed 3 hours after the enrichments (Fig. 2a) showed inorganic 
phosphate concentrations of 0.48-0.52 mol PO
4
3- L-1 in P (the expected concentration was 0.5 mol L-1), 
0.20 mol PO
4
3- L-1 in DL (low dust) and 1.50-1.71 mol PO
4
3- L-1 in DH (high dust). Note that, substracting 
the phosphate measured in the controls (as a background concentration of phosphate in the seawater), we 
obtained a 10-fold increase of phosphate in containers with high concentration of dust compared to those 
with low dust inputs, in agreement with the amounts of dust added. The increase in the concentration of 
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inorganic phosphate within the Þ rst three hours was followed by a quick drop in all treatments by day 1, 
and a recovery on days 3-4. According to previous studies (Herut et al. 2002, Ridame & Guieu 2002, Herut 
et al. 2005), phosphate is released from the dust shortly after its addition, sometimes peaking within 2 
hours.
The total amount of phosphate released within the experimental containers proved to be slightly lower 
than estimated from the abiotic test reported in Fig. 1. We obtained concentrations of 1.5 mol PO
4
3- L-1 and 
0.15 mol PO
4
3- L-1 in the DH and DL experimental containers respectively (Fig. 2). This meant yields of 
ca. 3 mol PO
4
3- g-1 dust, while the abiotic test showed yields of ca. 6 mol PO
4
3- g-1 dust. However, one has 
to take into account that the experimental containers had a biological community dynamically reactive to 
phosphorous. In addition, in the abiotic test we analyzed nutrient concentrations after 18h, which provides 
a much longer time for nutrients to be released from dust. Despite such differences, both experiments 
provided supporting evidence concerning nutrient supply: dust released ammonium, phosphate and 
silicate within the Þ rst hours, whereas nitrate increases following dust addition were minimal.
As mentioned above, the initial concentration of ammonium in the water was relatively high (0.73 mol 
NH
4
+ L-1) compared to the other nutrients during that time of the year. With the exception of treatments 
with the highest inputs of dust, ammonium remained stable in all containers during the Þ rst days, and 
tended to increase towards the end of the experiment (days 6, 7). Where dust had been added in large 
concentrations, however, there was a sudden increase of ammonium within the Þ rst 3 hours and then a 
sharp decrease until the next day. The concentration reached then maximum values on days 3-4, and fell 
to initial values on days 6 and 7.
Inorganic nitrate and nitrite were least affected by the addition of dust. Even though nitrate reached 
slightly higher concentrations in DH treatments than in the controls, values did not differ signiÞ cantly 
among experimental conditions (ANCOVA, p-value > 0.10). By the end of the experiment (from day 4 on), 
containers with either phosphate or low dust enrichments that had been under turbulence showed a steady 
increase in nitrite (data not shown). On the other hand, nitrate concentrations decreased with time in all 
treatments, with a steeper drop during the Þ rst hours and a mild recovery between days 2 and 3 (Fig. 2c).
The case of silicate is of special interest. Whilst for most treatments changes in silicate concentration 
were alike, with concentrations decaying during the Þ rst two days and stabilizing thereafter, containers 
with high inputs of dust (DH) presented a particular picture. The concentration of silicate increased 
remarkably up to the third day (reaching values of about 6 mol L-1), and then fell steadily to minimum 
values at the end of the experiment. In fact, this initial rise seemed to reß ect a progressive dissolution of 
silicate in the water which could not be overcome by biological consumption. Note that silicate dissolution 
in the abiotic test was not linear with dust concentration but rather asymptotic (Fig. 1), which may hint at 
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a slower dissolution rate at high dust concentrations. The effect of turbulence on nutrient concentrations 
was non-signiÞ cant (ANCOVA, p-value > 0.05 for each of the four nutrients). 
Phytoplankton 
The concentration of chlorophyll a was rather high initially (2.64 g L-1), close to typical spring bloom 
values in the area. During the Þ rst two days of the experiment chlorophyll concentration decayed in all 
treatments. While values remained low in the C, P and DL containers until the end of the experiment, 
chlorophyll increased by nearly 11-fold in the DH containers (Fig. 3). Likewise, the fraction of chl >10 
m fell to nearly 0 g L-1 within 2 days in all experimental conditions except in those tanks with a high 
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content of dust. In DH, the initial drop was followed by a peak on days 3 and 4. Although we did not 
sample daily for chl >3 m, the results matched those of total chl and chl >10 m: that is, a general descent 
of chlorophyll concentration except in DH treatments (Fig. 3). When we analyse the percentages of each 
chlorophyll fraction throughout the experiment, we can observe a constant decrease of the pigmented 
organisms larger than 10 m, independent of treatment, from 33% to a bare 5%. Chlorophyll of organisms 
larger than 3 m declined as well, but their Þ nal proportion varied widely among experimental conditions 
(approx. 10 to 50%). Note that, in most cases, chlorophyll concentrations were higher under turbulence 
(p-value < 0.05, Table 3).
The initial dominance of diatoms (up to 85% of autotrophic carbon) gave way to a generalized dominance 
of small pigmented ß agellates in the Þ rst few days (Fig. 4, and Lekunberri et al. 2010). Most of these initial 
diatoms were relatively large Pseudo-nitzschia spp. and chains of centric diatoms (Fig. 5) that settled to 
the bottom of the containers. Control treatments (CS, CT) showed trends similar to phosphate enrichment 
(PS, PT). After 3 days, total concentration of cells decreased nearly one order of magnitude with respect to 
initial values, and diatoms were replaced by a combination of autotrophic ß agellates and dinoß agellates. 
On the contrary, tanks enriched with low concentrations of Saharan dust increased the number of cells 
during the Þ rst days, though they also decayed by the end of the experiment. Again, diatoms were replaced 
by ß agellates and a few species of dinoß agellates. In containers with a high addition of dust, initial diatoms 
were replaced by smaller diatom species by day 3 and ß agellates reached Þ nal concentrations of about 5 104
cells mL-1 (Fig. 4). Notably, in treatments DHS and DHT Pseudo-nitzschia spp. and centric diatoms were 
replaced by Nitzschia sp., Skeletonema costatum and Chaetoceros spp. (among others, see Fig. 5). Unlike 
the initial species, these diatoms are characterized by medium or small sizes and high growth rates (Eppley 
1977, Furnas 1990), and their life strategy is considered to be similar to that of ß agellates. 
Whereas turbulence did not seem to signiÞ cantly affect nutrient concentrations, it appeared to be 
responsible for some differences in phytoplankton concentrations. We observed a general trend for larger 
organism abundance and biomass concentration in turbulence versus still treatments for a particular time 
and nutrient amendment condition (Fig. 4). Perhaps this trend was most clear for diatoms at time 3 with 
an average of 2.6 times more abundant in T (highest difference of 4.9 times for DH). These differences 
were not apparent in the ANOVAs (Table 3) because of the large differences in response between the 
different amendment treatments.
As a whole, results were consistent with what we had found by means of bulk chlorophyll measurements: 
the bigger autotrophic cells (~ chl >10 m) decreased rapidly in all treatments within the Þ rst days, and 
only recovered in the DHS-DHT (where chl >10 m peaked immediately afterwards, see Fig. 3). Except in 
DH, total chlorophyll a was low at the end of the experiment, as we would also expect from corresponding 
phytoplankton cell numbers. Finally, in both DHS-DHT treatments, high values of chlorophyll at the 
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end of the experiment coincided with minimum values of chl >10 m. We would therefore infer that the 
increase in chlorophyll a was due to small autotrophic organisms. Indeed, phytoplankton analysis showed 
that the major growth in these treatments corresponded to small ß agellates, and additional ß ow cytometry 
measurements of picoeukaryotes and cyanobacteria conÞ rmed these results (see Lekunberri et al. 2010).
Unfortunately, we could not sample for phytoplankton identiÞ cation at all times due to constraints 
of incubation volumes, and hence we may have missed higher frequency dynamics within each group. 
Nonetheless, both daily variations in nutrient concentration and chlorophyll a (total and fractioned) let us 
hypothesize that there was an important increase of small diatoms Nitzschia sp., Skeletonema costatum, 
Chaetoceros spp., Cylindrotheca closterium in DH treatments between days 3 and 6 (we captured the 
onset of the peak), and that such growth was likely responsible for the acute silicate decrease simultaneously 
observed inside these containers. 
Bacteria and heterotrophic nanoß agellates (HNF) 
As with other variables, differences in the response of bacteria and HNF were maximum in tanks with 
the largest inputs of dust (Fig. 6, Table 3). In C, P, and DL treatments, bacteria and HNF remained in low 
numbers until day 3, and tended to increase towards the end of the experiment. In DH tanks, there was a 
fast bacterial response within the Þ rst 24-48h, and a subsequent decay 2 days after, following the maximum 
growth of HNF. Moreover, when the number of heterotrophic ß agellates decreased in these treatments at 
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the end of the experiment, the concentration of bacteria rose again. This suggests that bacterial numbers 
were tightly controlled by grazing in this system, as it has been shown elsewhere (Thingstad et al. 1998, 
Bonnet et al. 2005, Herut et al. 2005).
Biomass ratios
Fig. 7 shows the proportion of bacterial biomass with respect to total biomass of osmotrophic organisms. 
There are two clearly distinct patterns: in most treatments, bacterial biomass swung around 30% until 
day 3, and then increased up to an 80% at the end of the experiment. Conversely, large dust enrichments 
(DH) induced a fast bacterial response during the Þ rst days (ca. 85% of total osmotrophic biomass were 
heterotrophic bacteria) and then the dominance shifted to autotrophic organisms, with bacteria standing 
only for 30% of total osmotrophic biomass (p-value < 0.001 for the cross-effect [addition · time]). Likewise, 
if we look at the proportion of autotrophic biomass within total living biomass (Table 4), it becomes clear 
that large dust additions maintained the autotrophic ratio over 50% at the end of the experiment, while 
in the rest of treatments autotrophic organisms decayed to ca. 20%. Consistent with biomass calculations 
based on cell abundances, particulate organic carbon and nitrogen increased remarkably in DH containers 
with regard to the rest of experimental conditions: nearly 5-fold on day 7 (Table 4).
Discussion
Initial conditions 
The experimental simulation was conducted in late spring, after the usual spring bloom in this part of the 
NW Mediterranean Sea (Alonso-Sáez et al. 2008). This period of the year appears to be the ideal season 
for testing the potential effects of the dust to surface waters. First, late spring-early summer is a very 
active period in terms of dust events over the Mediterranean (Guerzoni et al. 1997, Guerzoni et al. 1999, 
Ridame & Guieu 2002, Gkikas et al. 2009). Second, the water column is stratiÞ ed, and input of nutrients 
from deeper waters is limited (Marty et al. 2002). Under such circumstances, the atmospheric supply of 
nutrients could have a signiÞ cant effect on plankton dynamics. 
Inorganic nutrient concentrations at the beginning of the experiment were lower than the average 
for the season, but the ratio of ammonium to nitrate plus nitrite was 2.5 times higher than usual. The 
concentration of chlorophyll a was surprisingly high as compared to historical values for these waters 
at this time of the year. Some of the initial phytoplankton, mostly big centric diatoms, had partially 
damaged frustules, although the cells still showed high silicate content (Segura-Noguera 2007). Thus, we 
hypothesize that the initial community was in a post-bloom state, with nutrients being depleted and some 
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of the biggest diatoms already decaying, but still with high concentrations of autotrophic organisms. The 
fact that inorganic phosphate was extremely low (0.04 ± 0.01 mol L-1) could explain a growth limitation 
with excess ammonium being left over. 
Mediterranean springtime conditions are characterized by few but severe episodes of rainfall, which 
lead to sudden river ß ushes in coastal areas. Previous studies have shown that these episodic freshwater 
inputs, with a high load of anthropogenic nutrients, can effectively boost diatom growth and induce short-
term blooms (Guadayol et al. 2009). Whether the initial experimental conditions were a consequence of 
the general seasonal dynamics in the Mediterranean or a result of a more localized coastal event, we do not 
know. Whatever produced the previous growth, it seems clear that our initial conditions were characteristic 
of a decaying bloom state.
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Fig. 6. Concentration of bacteria and heterotrophic nanoß agellates during the experimental 
simulation. Plots show bacterial abundance (a), concentration of heterotrophic nanoß agellates  (b), 
concentration of heterotrophic nanoß agellates sized between 4 and 8 μm (c), and concentration of 
heterotrophic nanoß agellates <4 μm (d). C and DL treatments are not shown since they are almost 
identical to P for these parameters. 
Chapter 4
206
Potential release of inorganic macronutrients from the dust 
Nutrient analyses after dust amendments showed major releases of inorganic silicate, phosphate and 
ammonium. Herut et al. (2005) also found important increases in phosphorus and nitrogen concentrations 
following dust additions (no analyses were done for silicate), but contrary to our results, most of the 
leachable N was in the form of nitrate. This is most likely the consequence of the way we collected the dust, 
since the rainwater of the wet deposition probably washed out part of the nutrients present in the dust. The 
yield of leached phosphorus from dust was higher than that calculated from Ridame & Guieu (2002) and 
similar to values reported by Pan et al. (2002) and Herut et al. (2005). The particularly low nitrate yield 
suggests that, even considering differences in the dust composition that we collected, nitrate must have 
been washed out to an extent larger than the other nutrients.
The rapid increase of phosphate and ammonium in dust-amended treatments supports the idea that both 
macronutrients were quickly released from the dust, while the subsequent decay in their concentrations 
can be attributed to biological consumption. Opposite to this pattern, silicate increased steadily during 
the Þ rst 48h in DH treatments, hinting at a much slower release. Note that a slower release at high dust 
concentrations would agree with the asymptote observed in the abiotic test, where analyses were limited 
to one sample 18h after the dust addition. According to total and fractioned chlorophyll values, during the 
Þ rst days of the experimental simulation there was a concomitant drop of potential silicate consumers (chl 
>10 m ≈ diatoms), and thus we could assume that the silicate accumulated after 48h was roughly the total 
silicate released from the dust. Based on the highest dust enrichments (DHS, DHT), we can then estimate 
a concentration of ca. 10 mol of silicate per gram of dust.
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Biological response
We have tested the fertilizing potential of dust aerosols collected during a Saharan wet deposition event on 
a coastal planktonic system, and compared it to a phosphate enrichment based on the possibility that this 
element was the main limiting nutrient. The response of organisms in dust-enriched containers departed 
from the dynamics within the rest of treatments, and the difference was particularly evident in tanks with 
the highest additions of dust. 
In order to better understand the ecological response, it is critical to examine which part of the planktonic 
community took the most advantage from the additions. In the controls, none of the planktonic groups 
increased in numbers. Initial diatoms decayed rapidly, probably scavenging some nutrients from the water 
column. Heterotrophic bacteria could not proÞ t from the potential release of dissolved organic matter 
(DOM) from the decaying diatoms. The simplest explanations are that either the carbon pool was rather 
refractory or bacteria were severely limited by phosphate. For the latter to hold true (i.e. P-limitation only), 
we would expect at least a signiÞ cant bacterial response in tanks amended with phosphate. However, the 
pattern in P containers was fairly similar to that found in the controls. This suggests that bacteria may 
have been co-limited by another factor. Since the concentration of ammonium was high, nitrogen could 
be discarded.
Some component of the dust did seem to alleviate microorganism growth limitations, since both 
autotrophic and heterotrophic cells managed to grow in dust-amended treatments. In the DL treatments, 
despite the increase in inorganic nutrients from dust was relatively low (phosphate values were, for 
instance, lower than in the P treatments), autotrophic nanoß agellates grew remarkably during the Þ rst 
three days, and a short peak in bacterial abundance appeared on day 1. The results are in accordance 
with previous studies. Klein et al. (1997) reported a stimulation of phototrophic nanoß agellates due to the 
addition of rainwater affected by Saharan dust. Likewise, Herut et al. (2005) registered increases in small 
phototrophs and a decay of other phytoplankton cells  diatoms and coccolithophores  following Saharan 
dust enrichments. Higher additions of dust (DH) led to enhanced biological responses, and a series of 
growth peaks could be distinguished. First, inorganic nutrients and dissolved organic carbon released 
from the dust (Lekunberri et al. 2010) triggered bacterial growth; bacterial increases were immediately 
followed by a rise in heterotrophic nanoß agellates (HNF) feeding on them. A similar bacterial response 
and subsequent decay due to grazing has been reported for dust-enriched waters before (Bonnet et al. 
2005, Herut et al. 2005, Pulido-Villena et al. 2008).
The quick boost of bacteria in DH containers suggests that these organisms took advantage of DOM 
carried over with the dust and outcompeted phytoplankton cells in nutrient uptake (Thingstad et al. 
2005). Several factors may have favoured bacterial dominance: (1) the dissolution rate of silicate was much
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Table 4. Particulate organic carbon and nitrogen, total living biomass (TB) and relative proportion of 
autotrophic biomass to total biomass (AutB:TB) for all experimental conditions at times 0 (initial), 3 (mid) 
and 7 (Þ nal). Note that the initial values are common for all treatments. Carbon biomass was estimated 
applying the conversion factors speciÞ ed in the text. Total biomass is calculated by the addition of algae 
derived from chlorophyll a, bacteria and heterotrophic ß agellates. Autotrophic biomass corresponds to 
the conversion of chlorophyll a. The values represent the average ± standard deviation of two replicates 
(when possible).
POC (mol C L-1) PON (mol N L-1) TB (mol C L-1) AutB:TB
t0 24.18 ± 2.65 2.57 ± 0.14 16.59 0.66
CS t3 13.11 ± 0.34 1.41 ± 0.06 3.69 0.49
CS t7 14.23 ± 0.86 1.75 ± 0.18 12.43 0.13
CT t3 16.07 ± 2.40 1.87 ± 0.36 5.11 0.56
CT t7 19.03 ± 3.76 2.88 ± 0.32 9.60 0.20
DLS t3 24.23 ± 1.05 3.05 ± 0.01 7.86 0.61
DLS t7 15.86 ± 0.38 2.33 ± 0.21 17.49 0.18
DLT t3 27.31 ± 0.11 3.51 ± 0.10 10.05 0.57
DLT t7 23.00 ± 3.71 3.47 ± 0.79 19.90 0.22
DHS t3 57.61 10.25 40.77 0.44
DHS t7 113.77 15.48 77.71 0.57
DHT t3 69.41 12.14 65.28 0.37
DHT t7 105.81 14.42 72.09 0.49
PS t3 12.53 1.46 3.98 0.44
PS t7 20.13 2.71 22.31 0.26
PT t3 17.93 2.33 5.26 0.47
PT t7 21.51 3.20 19.39 0.42
slower than the release of phosphate or ammonium (maximum concentrations of silicate occurred 2 
days after the dust enrichments); (2) the initial phytoplanktonic community was dominated by big-sized 
declining diatoms, so their response to nutrient enrichment was slow; (3) the addition of dust decreased 
the available photosynthetically active radiation (PAR) inside the enclosures during a few hours, further 
limiting phytoplankton response. Nevertheless, the whole dynamics was not straightforward. Coinciding 
with the decrease in bacterial abundance, chlorophyll concentrations started to increase and by day 3, the 
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initial concentration of autotrophic organisms was largely surpassed. Two features are noteworthy: Þ rst, 
nanoß agellates accounted for most of the chlorophyll increase; second, unlike in the rest of treatments, the 
concentration of diatoms increased. 
The fact that diatom growth only occurred in DH treatments is possibly related to the amount of dust 
added, and it can be explained in terms of silicate limitation. According to Egge & Aksnes (1992), when 
nutrients are in excess the presence of diatoms is highly correlated to silicate concentrations, and if silicate 
exceeds a threshold of approx. 2 mol L-1, diatoms are likely to dominate the community. Egge (1998) 
reÞ ned the premise and pointed out that for diatom dominance to occur, silicate concentration should 
be over 2 mol L-1 and phosphate should be in excess. Otherwise, diatom abundance varied widely and 
ß agellates, less affected by the lack of phosphate, would take their place. This reasoning suits our Þ ndings: 
silicate concentration surpassed the 2 mol L-1 threshold only in the DH tanks, and within those, phosphate 
was largely consumed by bacteria during the Þ rst 48h (assuming for bacteria C:P ≈ 50 (Fagerbakke et al. 
1996), approx. 65-85% of the decrease of phosphate between day 0.5 and day 1 was due to bacterial growth). 
Only when bacteria decreased and sufÞ cient phosphate was available, on account of grazing and/or virus 
lysis and the consequent nutrient recycling, diatoms could grow and consume the inorganic silicate. At the 
end of the experiment dissolved silicate was exhausted, nanoß agellates dominated the phytoplanktonic 
community and no diatoms were left over. This line of thought may also explain why neither previous 
experiments with lower dust enrichments (Klein et al. 1997, Herut et al. 2005) nor our DL treatments 
allowed for the growth of diatoms and favoured autotrophic ß agellates instead. 
The large addition of dust in DH treatments also induced a shift within diatom species composition. 
Pseudo-nitzschia spp. and centric diatoms were replaced by Nitzschia sp., Skeletonema costatum and 
Chaetoceros spp. (among others), and when the latter ones decayed, small ß agellates appeared.  Jacobsen 
et al. (1995) observed a similar succession. When communities dominated by S. costatum were exposed to 
nitrogen and phosphate enrichments alone, uncoupled from silicate increases, diatoms were systematically 
replaced by ß agellates. Interestingly, in our experiment the diatom sequence evolved from big-sized, 
silicate-rich organisms produced by a previous bloom to smaller cells probably with a higher growth 
capacity, and unveiled some sort of quick species succession which allows the persistence of diatoms even 
when ß agellates dominate the community, and which may potentially allow the blooms to last longer. 
Differences in the community composition of the primary producers also affect bacterial community 
composition (Puddu et al. 2003, Pinhassi et al. 2004), as we have also seen in our experimental simulation 
(Lekunberri et al. 2010).
A metabolic analysis of the system shows an initial POC:PON of 9.4, that is, enriched in carbon with 
respect to nitrogen and presumably limited by nutrients. This is in accordance with the low initial nutrient 
concentrations and the diatoms in a seemingly late-exponential or early-stationary growth phase. The 
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calculated ratio of autotrophic biomass to total living biomass also shows a high initial value of 66% 
(Table 4). This ratio decreases in all treatments over time as a consequence of the initial settlement of the 
senescent diatoms. At the end of the experiment, only the high dust input treatment shows values above 
50% and close to initial ratios, indicating that this treatment was most successful for an overall stimulation 
of autotrophic growth. All biomass indicators (POC, PON and total living biomass) clearly increased in 
the DH treatment (Table 4) at times 3 and 7, showing an initial preferential stimulation of heterotrophic 
bacterial growth, and a later stimulation of autotrophs. The decrease in POC in the control treatment 
resulting from the senescent diatoms is of about 10 μmol C L-1 up to day 3. Assuming that all this carbon 
is used for bacterial growth at a high 50% carbon conversion efÞ ciency, and that grazing and viral lysis 
of bacteria is non-existent, it would result in ca. 3 106 bacteria mL-1. This is almost an order of magnitude 
lower that the bacterial concentrations reached in DH, and implies not only an inorganic nutrient-based 
stimulation of the system, but also a use of the organic matter added with the dust amendment (Lekunberri 
et al. 2010). Bacterial recycling of nutrients then also aids phytoplankton growth stimulation, together 
with the dust amendment of phosphorus and silicate. The addition of phosphorus alone, if that is the 
phytoplankton growth limiting nutrient, quickly results in the next limiting (co-limiting) nutrient to kick in 
and slows primary production, fueled by organic matter recycling only. Metabolic balances calculated with 
primary production and respiration rates instead of biomass result in similar interpretations (Lekunberri 
et al. 2010). 
Effects of turbulence 
Although fertilization was the principal factor controlling plankton dynamics, turbulence seemed to 
enhance somehow the response of organisms whenever it was applied. There is a general trend for biomass 
parameters (especially POC and PON) to be higher under turbulence, and some positive effects appeared 
on phytoplankton, notably in the concentrations of total and fractioned chlorophyll (Table 3). Besides 
affecting cell sedimentation inside the enclosures, turbulence is meant to favour the uptake of nutrients 
in osmotrophic cells (Lazier & Mann 1989, Karp-Boss et al. 1996, Peters et al. 2006) and alter encounter 
ratios between prey and predator (Rothschild & Osborn 1988, Marrasé et al. 1990, Saiz et al. 1992). Some 
of these effects could explain the higher number of phytoplanktonic cells, whose nutrient uptake might be 
favoured under turbulent conditions (Peters et al. 2002), or the time gap between the peaks of bacteria in 
DHS and DHT tanks due to altered predator-prey interactions. Peters et al. (2002) showed that turbulence 
increases production with respect to still water. When nutrient concentrations are low, the stimulation 
is rather low and primarily of heterotrophic carbon through feeding interactions. On the contrary, when 
inorganic nutrients are present at higher concentrations, primary producers are stimulated and this is 
reß ected in total carbon in the system. The addition of organic carbon with the dust, as opposed to just 
mineral inorganic nutrients, results in a slight confounding outcome in this respect, particularly for the high 
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dust addition. According to our results, the concurrence of turbulence with dust pulses induced slightly 
larger and longer-lasting production peaks, and that should be taken into account when considering the 
impact of dust on marine planktonic communities.
Relevance to the natural environment 
The main limiting nutrient for primary production in the Mediterranean is thought to be phosphorus 
(Marty et al. 2002, Bethoux & Migon 2009, Pulido-Villena et al. 2010). Phosphorus also tends to be in 
limiting concentrations in the Blanes coastal site, albeit a high variability in temporal dynamics of the N:P 
ratio is observed at any time of the year. This probably reß ects not only a certain seasonal dynamics in 
nutrient availability in oligotrophic environments, as is the case in open ocean waters, but a dependence 
on fertilizing episodes of a varied nature in coastal areas. Guadayol et al. (2009) have shown that storms 
and river discharge result in system stimulation in Blanes bay. Storms carrying a large load of Saharan 
dust are episodic, but normal, in the Northwest Mediterranean, with the potential to stimulate system 
production. The fact that the dust we used in our experimental simulation does not reß ect the large nitrate 
to phosphorus concentrations of other aerosol collections (Markaki et al. 2008) is likely a consequence 
of early leaching of nitrate with the rainwater, but is of minor concern to the objectives of this study. The 
initial water had an N:P of 31, and we were most interested in assessing whether the dust amendment could 
alleviate this growth limitation. Consequently, what matters is the P content and not so much whether the 
amendment had an N:P even higher than the water.
In our simulation, dust amended treatments -especially the DH- and the phosphate amendment 
treatment did not show the same dynamics, emphasizing the importance of components of the dust other 
than inorganic macronutrients. It would seem that micronutrients, such as iron, would not be an issue in 
a shallow coastal site where terrestrial discharges override trace metal inputs (Tovar-Sánchez et al. 2006), 
and even less near a populated coast (Palanques et al. 2008). We do see that the dust carried an amount 
of organic matter increasing the DOC in the DH treatment by 14 μmol L-1 (Lekunberri et al. 2010). It is not 
known whether this organic matter in the dust travelled from origin or was scavenged during deposition, 
but certainly induced bacterial growth. After the Þ rst bacterial response and because of the addition of 
phosphorus and silicate with the dust, diatoms and other phytoplankton responded, probably as bacteria 
were becoming controlled by grazers. 
The fast response of bacteria to dust amendments has been observed by others (Pulido-Villena et al. 
2008, 2010) and is also in accordance with their theoretically favorable surface to volume ratio. Thus, as 
it has been shown for other locations, aerosols deposited during dust storm events have the potential to 
alter the metabolic dynamics of NW Mediterranean coastal systems, adding to the variability sources that 
determine these dynamics. The highest observed deposition events would correspond to our DL level and 
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after considering a very shallow water column or mixing depth. This situation would be relevant to shallow 
littoral areas and highly stratiÞ ed water columns. Dust deposition has not been constant in geological times 
(Maher et al. 2010) and increases in aridity in the North African and Mediterranean regions, together with 
a more intense land use (Gao & Giorgi 2008), should increase the atmospheric dust load. It is within such 
scenarios that our highest experimental dust load needs to be framed. The observed responses in this study 
are surely dependent on initial plankton population physiological states as well as on particular nutrient 
levels and stoichiometries. All these parameters have a large variability and combinatory possibilities in 
coastal systems that cannot be addressed in any single experiment or study. Non-unique nutrient limiting 
elements (Sundareshwar et al. 2003, Zohary et al. 2005), especially in complex natural communities 
and under relatively low basal nutrient loads, is likely the norm rather than the exception. Thus, it is 
most important to get information on as many situations as possible, and our study adds to this needed 
knowledge acquisition process.
Conclusions
We have shown that atmospheric dust pulses have the potential to induce shifts within the microbial 
community in relatively oligotrophic Mediterranean shallow coastal waters. Episodic dust pulses may lead 
to fast growth events that, although short in time, add to the variability sources that fuel system production. 
Our experiment shows that dust pulses occurring after the spring bloom can regenerate the bloom and let 
the overall production last longer, as Bonnet et al. (2005) suggested before.
Because of the diversity in the chemical composition of atmospheric aerosols, dust has a non-unique 
path of alleviating possible nutrient limitations of marine plankton, as we show in comparison to the 
phosphate-only addition. When in combination with a system situation where different planktonic 
components, such as heterotrophic bacteria, siliceous and non-siliceous phytoplankton, are present with 
different growth limitations, the response dynamics is variable and rather complex and may depend on 
the particular initial conditions, both in nutrients and in plankton biomass and physiological state. In this 
experiment, dust-amended treatments favoured the growth of both autotrophic and heterotrophic cells. 
Finally, it does seem that when dust inputs are accompanied by turbulence, i.e. dust storms which come 
with strong winds, the potential effects of dust on plankton, particularly on large phytoplankton, are likely 
to be magniÞ ed. 
Predictions of future global changes foresee regions of increased drought and a consequent increase 
in aeolian transport of mineral sources (Prospero & Lamb 2003, Gao & Giorgi 2008). If so, the potential 
impact of these dust storms on marine organisms may also increase and the results of this paper can help 
to understand the mechanisms. Resulting shifts within the marine microbial community are crucial to 
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consider, because energy and matter ß ows in the ocean depend on the structure and composition of the 
microbial compartments (Azam et al. 1983, Pomeroy & Wiebe 1988, Karl 2007). Overall, the potential 
impact of dust storms should be highest in relatively shallow coastal areas or in highly stratiÞ ed water 
columns (Pulido-Villena et al. 2010), since nutrient inputs are introduced into a shallow water column and 
the temporary impact of storm-derived turbulence will be high.
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Synthesis of results and general discussion
Summary of the thesis and links between chapters
This thesis is framed within the broad context of coastal ecosystems and seeks to address some of the 
multiple factors that shape the dynamics of plankton in nearshore waters. Truly, the inherent complexity 
that characterises coastal systems is a challenge for research studies conducted in the littoral zone, because 
speciÞ c attributes and local variability often lead to ecosystem responses that differ from regular, well-
known ecological patterns widely observed in the open ocean. 
Within the enormous range of coastal systems, areas that are close to large urban settlements represent 
sites of particular interest. First, the littoral provides a variety of resources of great social and economic 
value. Second, anthropogenic pressure adds to coastal variability and the effects of such additional 
forcing on marine systems are yet to be fully assessed. Human impacts extend far beyond the self-evident 
consequences of habitat destruction or acute pollution episodes; subtle, long-term perturbations may have 
equally large consequences for the ecosystem functioning, and have the additional risk of going unnoticed 
or being hardly distinguishable from natural factors. In this regard, coastal waters in front of the city of 
Barcelona represented an ideal scenario to conduct the study. The area is strongly inß uenced by human 
activities, but it shares hydrological and meteorological conditions with nearby regions where human 
imprints are less intense. This circumstance provides a valuable comparative framework to set apart the 
effects of anthropogenic forcing.
The multiple edges of coastal dynamics were addressed across different approaches. Roughly, we 
conducted both sea samplings and experimental simulations, set several timescales of analysis and 
discussed spatial differences between coastal locations and onshore-offshore waters.
A general background knowledge on seasonal patterns and recurrent annual features was obtained by 
means of monthly samplings and is described in Chapter 1. Seasonal variations are essential to set the typical 
range of values for water-column properties and allow for a Þ rst quantiÞ cation of ecosystem variability. 
Moreover, multi-annual series of monthly data are adequate to explore the effects of physical phenomena 
whose occurrence is clearly seasonal or whose signal is very intense, such as autumn downpours or heavy 
seas during winter gales.
On top of the intra- and interannual variability depicted by monthly samplings, the ecosystem 
experiences countless events of low to moderate intensity and a few days length. To address the effects of 
these short-term perturbations we conducted 7-day surveys, extensively reviewed in Chapter 2. The weekly 
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surveys were purposely intended to catch low-level environmental disturbances, notably the passing of 
weather fronts, and therefore the analysis of the results had the added difÞ culty of characterizing mild 
and/or progressive community changes, sometimes poorly distinguishable from background ß uctuations. 
The results revealed the occurrence of, at least, two different types of short-lived episodes in the study 
area: weather fronts associated with eastern winds caused swell and sediment resuspension, whereas 
ephemeral nutrient peaks appeared uncoupled from physical forcing and were largely attributable to 
urban spills. Additional surveys at different times of the year would be desirable to extend and reinforce 
our conclusions. 
Intensive weekly samplings also showed that clear changes in the concentration of nutrients or the 
physical conditions do not always match biological shifts. Broadly, the apparent response of the organisms 
was substantially lower than that expected from the environmental variability, particularly in terms of 
chlorophyll a. Contrary to former observations made in nearby, less anthropized waters, nutrient inputs 
did not seem to primarily stimulate phytoplankton cells, but rather suggested an increase in bacterial 
numbers and a rapid turnover of microbial populations. 
The discrepancy with previous studies highlighted the issue of underlying anthropogenic pressures in 
the study site. Coastal waters affected by urban efß uents tend to display high loads of ammonium and 
phosphate (EEA 1999 and 2001, Llorens et al. 2008). Although the average concentration of both nutrients 
in our sampling area is not excessive with regard to other coastal locations affected by eutrophication, e.g. 
parts of the Tyrrhenian Sea or the french coast (Lenzi et al. 2003, Cugier et al. 2005), the base line levels 
for ammonium were rather constant throughout the years, and more so when compared to nitrate (Table 
1 below, and data in Chapter 1). 
This remark links with the question whether persistent nutrient imbalances, or the abundance of 
certain N forms, can determine in some way the response of the community. To address that subject, we 
performed the experimental simulations described in Chapter 3. On the one hand, we were interested 
in assessing whether extreme nutrient imbalances could drive quick community changes. Shifts in 
phytoplanktonic groups have been ascribed, for instance, to the relative enrichment in P and N caused 
by the continuous input of wastewaters in coastal areas (OfÞ cer & Ryther 1980, Conley et al. 1993). In 
our case, the largest bias seems to be related to the ratio of ammonium to nitrate, so we exposed coastal 
waters to varying proportions of both N forms. On the other hand, episodes of nutrient inputs and water-
column mixing in the littoral can be decoupled in time, particularly owing to freshwater spills from urban 
facilities. We hypothesized that this temporal mismatch could be determinant for the biological outcome, 
and included turbulence as a second experimental variable. The results of the simulations conÞ rmed some 
of our initial premises: N partitioning can affect the composition and size-structure of the community, 
while above a certain threshold, great deviations from RedÞ eld stoichiometric ratios are not mirrored 
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by biological changes. Further, the effects of varying nutrient amendments can be substantially modiÞ ed 
(either enhanced or weakened) when nutrient inputs occur in combination with turbulent mixing. 
Finally, the role of P and a particular case of episodic enrichment are examined in Chapter 4. 
Phosphorus is claimed to limit biological growth over extensive areas of the Mediterranean, including 
many coastal locations, so we here focused on phosphate and the impact of atmospheric deposition, 
particularly of dust storms, on the alleviation of P limitation. Dust storms are indeed frequent phenomena 
in the Mediterranean and can deliver large amounts of particles to surface waters (Loÿe-Pilot & Martin 
1996, Guerzoni et al. 1999). The effects of dust inputs on the dynamics of the planktonic community were 
explored experimentally with water from Blanes Bay, an area located a few kilometers north of Barcelona 
where the anthropogenic pressure is not so severe and the community is thought to be limited by P during 
most part of the year (Sala et al. 2002, Lucea et al. 2005, Pinhassi et al. 2006).
Altogether, the results of the 4 chapters give an overview on some of the main processes that affect 
plankton dynamics in the coastal area, albeit we are aware that a complete description of coastal variability 
does require long-term, sustained efforts. Thorough insights on coastal dynamics have been drawn from 
areas where sampling programs have been running for decades, such as San Francisco Bay or the Gulf of 
Naples, because long time data facilitate the detection of trends within complex, highly variable systems. 
Fortunately, the monthly sampling series started with this thesis continues today and will be combined with 
some high frequency sampling of chemical and biological parameters, so part of the present uncertainties 
may be conÞ rmed in the near future with additional data. 
The joint analysis of results provides a general idea on the ecosystem functioning that is discussed 
below.
An overview on plankton dynamics in a highly urbanized coastal 
ecosystem
One of the Þ rst issues to review was to what extent our system adjusted to the recurrent seasonal 
patterns observed in open Mediterranean waters (e.g. Sournia 1973, Estrada 1985, Marty et al. 2002). A 
good Þ t with the typical annual cycle in offshore regions would indicate that the terrestrial inß uence in 
the study area is not strong enough to overcome the variability imposed by large-scale natural forcing, 
whilst large deviations from the dynamics of open waters would call for a detailed characterization of land-
derived factors. 
The analysis of annual records evidenced that the seasonal patterns assumed for open ocean areas 
are gradually diluted as we approach the littoral. Interestingly, and partly opposite to our assumptions, 
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seasonal trends (in terms of chlorophyll a) were more conspicuous in Barcelona than in other coastal 
locations where the nearest human disruptions were remarkably lower, namely Blanes Bay. We argue 
that this is mostly due to the inß uence of the Rhone River, whose plume extends from far north along the 
Catalan coast and likely tempers chlorophyll seasonal variations in the northernmost regions of the catalan 
littoral (Fig. 2 from Chapter 1). Furthermore, the coastline in Barcelona has been protected from strong 
storms by a series of piers and submerged breakwaters; these constructions may slow down, or decrease 
to some degree, the inß uence of waters ß owing southwards with the Liguro-Provençal current into our 
sampling station, located just 1 km away from the shore.
The extensive inß uence of the Rhone River in the chlorophyll cycle of areas located far from the river 
mouth illustrates, however, the importance of riverine inputs in the region, where year-round oligotrophy 
and low productivity are the norm (Margalef 1985, Minas et al. 1988). Besides, the emergence of seasonal 
traits in Barcelonas waters implies that human disruptions may be affecting the planktonic community at 
timescales shorter than monthly, or that the city exerts a background pressure that mufß es, but does not 
suppress, seasonal variations. 
A second interesting feature drawn from the monthly samplings is the large interannual variability of 
chemical and biological variables. Peak chlorophyll values in the winter shifted remarkably from year to 
year, and similar ß uctuations were observed for nutrient concentrations. Some years within the 7-year 
series presented, for instance, N:P values consistently above the RedÞ eld ratio, while some others displayed 
excess phosphorus and N:P ratios clearly below 16. 
Year-to-year shifts in water-column parameters are caused to some extent by the sampling frequency, 
because a monthly scheme does not accurately capture all the ß uctuations of the system; however, seasonal 
production peaks last for over a month, so when the system follows regular annual cycles, monthly samplings 
may miss the week with the highest chlorophyll or the largest nutrient concentrations but are good enough 
to characterize the range of their peaks. Large interannual variability is therefore an additional symptom 
of complex dynamics and multiple physical forcing. Indeed, in parallel with our samplings, water from 
two offshore stations was collected for chlorophyll and nutrient analyses; the three stations showed a good 
synchrony in the timing of major variations, but the annual peaks of chlorophyll and nutrients were far less 
variable in offshore waters throughout the whole 7-year period (Arin et al., in prep.).
Interannual variability was indeed proposed as a measure of system complexity by Cloern & Jassby 
(2008). These authors compiled data from coastal locations all over the world and noted that in most 
coastal systems, the timing and the amplitude (range) of annual phytoplankton peaks are highly variable, 
the longest records disclosing a characteristic 10-fold interannual variability.
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The combination of recurrent seasonal patterns but wide variations in the maxima of chlorophyll and 
nutrients puts into question the predictability of the system, and most interestingly, to what extent the 
changes associated with episodic perturbations can be discerned from the matrix of total variability. In this 
regard, the comparison between Barcelona and Blanes Bay leads to interesting insights.
In Blanes, episodic meteorological disruptions such as river runoff or wind storms had a strong impact 
on coastal dynamics (Guadayol et al. 2009), but the sequence of biological responses was very consistent 
after different types of events. Most episodes entailed nutrient enrichments and turbulence, and the two 
factors favoured phytoplankton growth but did not induce the immediate response of bacterioplankton; on 
the contrary, bacterial growth occurred after the chlorophyll peak, which suggested the close dependence 
of bacteria on the organic matter freshly released by phytoplankton (Guadayol et al. 2009). 
Hence, extreme meteorological events in Blanes alter the annual phytoplankton succession and mask 
seasonal patterns, yet the systematic response of the organisms after these episodes deÞ nes a predictable 
biological sequence. The study in Blanes demonstrates that the predictability of the ecosystem dynamics 
is not hampered per se by the occurrence of large physical disturbances, despite these may distort or 
attenuate seasonal trends.
In Barcelona the situation differs signiÞ cantly. The background seasonal signal is present but integrates 
large variability, and the response of the community to episodic forcing does not seem to follow a common 
sequence of events, but rather displays different biological outcomes. Part of the variability observed in 
the response of the organisms is directly related to the heterogeneity in the physical forcing. Two factors 
are of special consideration. First, unlike in Blanes, the pair nutrient enrichment/turbulent mixing is not 
always coupled in time; second, the number of nutrient sources close to the city is large, and the relative 
composition of nutrient inputs, very diverse. As a result, our capacity to predict the dynamics of the 
community in Barcelona is considerably more limited.
The lack of a systematic response after meteorogical or hydrological disturbances was particularly 
evident in the cross-correlation analyses performed between physical drivers and water-column 
parameters. In Blanes Bay, cross-correlation results always deÞ ned the same chronological sequence 
of changes, and systematic increases in nitrate and silicate followed both river inputs and episodes of 
increased wave height. In Barcelona, the results did not show a clear sequence of events and there was an 
unequal contribution of rainfall, riverine inputs and wave storms to the nutrient load. Thus, after episodes 
of increased wave height the largest nutrient increases corresponded to nitrate and silicate, while rapid, 
short-lived peaks of phosphate and ammonium were registered after freshwater pulses.
Besides, rather than showing a common response pattern, the cross-correlograms in Barcelona 
suggested that different groups of plankton were preferentially stimulated by different forcing episodes. 
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In particular, autotrophic organisms responded positively to increased wave height (notably large 
phytoplankton), whereas rainfall and river ß ushes seemed to promote the growth of bacterioplankton. 
These response patterns, however, were subject to large uncertainties. To provide supporting evidence, 
we tracked down isolated events of high waves or freshwater discharge within the 7-year time series and 
examined the characteristics of the community a few days later; regardless of the time of the year and the 
different planktonic assemblages, the results of singular episodes proved coherent with our inferences. 
One step beyond, the weekly surveys gave us the opportunity to test whether these distinct community 
behaviours and the differences with regard to Blanes Bay persisted on a shorter timescale. Daily variations 
in Barcelona were as entangled as monthly ß uctuations, yet the study of day-to-day shifts pointed again to 
the existence of non-uniform response patterns and stressed even more the relevance of the anthropogenic 
footprint. 
Several aspects could be drawn from the weekly dynamics. On the one hand, we ascertained fugacious 
nutrient peaks (1 day length) seemingly detached from physical or meteorological perturbations; this 
conÞ rmed the idea that the nutrient budget in the area can be sharply modiÞ ed by short-lived episodes, 
difÞ cult to detect with monthly or bi-weekly sampling schemes. Occasional urban spills may not comprise 
large water volumes, but can involve high nutrient loads that greatly alter the composition of the receiving 
waters. Moreover, these type of spills constitute somehow anomalous situations, because nutrient inputs 
are uncoupled from turbulent motion, which is unlikely to occur in open ocean scenarios. 
Although the briefness and intermittence of these urban spills may lead to dismiss them as major forcing 
factors, we believe that their repeated occurrence is responsible for the characteristic dynamics of the 
community. Notably, both their typical composition, enriched in ammonium and organic compounds, and 
the absence of simultaneous water-column mixing shape a favourable scenario for bacterioplankton and 
small autotrophs, which are indeed normally abundant in these waters. An active background community 
of bacteria and nanophytoplankton can rapidly consume occasional nutrient inß ows, eventually restricting 
the response of large phytoplankton. This mechanism would explain the timid chlorophyll increase 
observed after the sudden nutrient peak during the weekly survey, and would also match the preferential 
response of bacteria to episodes of urban runoff that we suggested in the monthly series. By contrast, 
phytoplankton growth was favoured during events of increased turbulent mixing, presumably because 
enhanced turbulence in the study area is somewhat linked to a more intense exchange with offshore waters 
and/or to bottom resuspension, and both processes are accompanied by increases in nitrate.
On the other hand, despite the growth of microphytoplankton in our study area seems to depend to 
some extent on the hydrodynamic conditions, organisms did not require strong mixing events, i.e. intense 
storms, to  proliferate, but their numbers increased with moderate water movements such as those induced 
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Table 1. Concentration of inorganic nutrients along the catalan coast. Data are mean values for the period 
1994-2001. Source: Program of Environmental Monitoring and Quality Control of Coastal Waters. Agreement 24/04/01, 
Catalan Water Agency - Institut de Ciències del Mar (CSIC).
Nutrients 
(mol·L-1)
Tordera 
River [1]
Llobregat 
River [2]
Ebro 
River [3]
NO
3
- 4.66 2.31 4.63
NO
2
- 0.16 0.38 0.36
NH
4
+ 0.52 3.48 1.23
PO
4
3- 0.21 0.55 0.07
H
4
SiO
4
4.16 2.36 4.37
by an accented breeze regime or the passing of weather fronts. Note that as mentioned in the previous 
chapters, tidal movements are not considered, because tides in the NW Mediterranean are weak and play 
a minor role in generating turbulence with regard to other factors. 
In short, apart from the obvious relevance of large-scale mixing for the seasonal patterns and the 
annual dynamics of the planktonic community, the coupling/uncoupling between nutrient inputs and 
moderate turbulence is of particular consideration at shorter timescales, since it can favour the growth of 
phytoplankton and counteract somehow the close functioning of the microbial loop in Barcelonas coastal 
waters.
An important factor implicit in the above reasoning is referred to the composition of nutrient inputs. 
Wastewater efß uents are one of the most visible consequences of the anthropogenic footprint along the 
coast. The composition of these efß uents can be largely variable depending on their speciÞ c origin, but 
it is greatly correlated to land use (Jordan et al. 1997 and references therein). Thus, nitrate-rich inputs 
are common close to agricultural areas, while ammonium is derived from urine and can attain high 
concentrations in urban wastewaters. In the catalan coast, this tight dependence to land use results 
in varying ratios of ammonium to nitrate from north to south (Table 1). Roughly, the lowest nutrient 
concentrations are found in the northernmost regions, where nutrient inputs from freshwater pulses are 
primarily enriched in nitrate (e.g. Guadayol et al. 2009). In the central part of the littoral, close to the city 
of Barcelona, nearshore waters receive numerous urban efß uents and the ratio of ammonium to nitrate is 
persistently higher than 1; further south, the extensive agricultural landscape and the inß uence of the Ebro 
River are responsible for large nutrient loads, and again, a relative enrichment in nitrate. 



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The effect of nitrate versus ammonium availability on planktonic organisms, and the preference of 
phytoplankton for certain N forms was explored in the late eighties in a series of laboratory and Þ eld 
studies. Most of them relied on the general assumptiom that, above a certain concentration of ammonium, 
nitrate uptake was inhibited. Different energy requirements for the utilization of nitrate and ammonium 
were on the basis of this tenet, namely, the fact that ammonium can be directly used by the cells whereas 
nitrate assimilation requires an intermediate reduction step (Losada & Guerrero 1979, Syrett 1981). In a 
thorough review, however, Dortch (1990) showed that the interactions between ammonium and nitrate 
were ambiguous, and pointed out differences for both preference and inhibition among algal groups. 
Later, a number of studies have emphasized the link between the N source (nitrate or ammonium) and 
the phytoplankton size distribution. Organisms in the small size fraction seem to have a higher preference 
for ammonium uptake, whilst large phytoplankton are thought to prefer nitrate (e.g. Stolte et al. 1994 and 
references therein). 
In this regard, the distinct nutrient composition of terrestrial inputs along the catalan coast may be 
setting up different milieus that inß uence the response of the community to episodic perturbations. 
The experiments in Chapter 3 explored to what extent the chronic predominance of particular N forms 
smoothed the response of the organisms to nutrient inputs, and further, whether nutrient pulses displaying 
largely unbalanced concentrations of nitrate or ammonium could induce sudden shifts in the composition 
and size structure of the community. 
One of the key points of the experimental simulations was the inclusion of small-scale turbulence, because 
to our knowledge, none of the previous studies addressing the effects of N partitioning on plankton have 
considered the interaction with the hydrodynamic conditions. Turbulence does not affect all planktonic 
groups in the same way, but its effects are also dependent on the size fraction (Karp-Boss et al. 1996, 
Cózar & Echevarría 2005). Broadly, large cells tend to be favoured under turbulent conditions while there 
are not direct effects on small-sized organisms. The overlapping with turbulence can therefore reverse 
or strengthen the effects of nutrient imbalances on the different size classes. Moreover, the comparison 
between still and turbulent enrichment events is essential, because we have seen that nutrient inputs in 
coastal areas can either be accompanied by intense mixing, e.g. during resuspension events, or can occur 
under calm conditions, e.g. owing to anomalous waste spills.
The outcome of the experiments was partly determined by the characteristics of the initial community, 
but changes in the composition and size structure owing to the relative excess of ammonium or nitrate 
were coherent with the theoretical assumptions. This means that under still conditions, ammonium-rich 
inputs favoured the growth of the small-sized fractions (picoeukaryotes, nanoß agellates, bacteria), while 
nitrate spurred the growth of diatoms. Small-scale turbulence systematically altered the results in favour 
of large osmotrophs, so ammonium-rich waters that were subject to turbulent mixing showed a more 
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equitable balance between small and large cells, and the combination of nitrate-rich waters and turbulence 
boosted the growth of diatoms further on. 
Ultimately, the experimental results supported the conclusions drawn from the sea samplings. 
Regardless of dissimilar initial communities and differences in nutrient availability, in both autumn 
and spring simulations the fastest response to nutrient enrichments corresponded to bacteria, pico- and 
nanophytoplankton, whereas the response of microphytoplankton was slower and mostly subjected to the 
availability of nitrate. Even during periods of clear diatom dominance, such as in autumn, ammonium-
rich inputs induced the rapid growth of bacteria and nanophytoplankton, while the opposite move, i.e. the 
switch from small cells to large osmotrophs after nitrate pulses, was visible under turbulence but was not 
so clear under still conditions. 
It seems that the coastal assemblage in Barcelona is normally composed of a large fraction of small-
sized cells, with tight predation checks and active recycling loops that make up an efÞ cient system for the 
consumption, and certain cushioning, of nutrient pulses. In the experiments, the rapid response of bacteria 
and nanophytoplankton could be leveled off by diatoms when inputs were enriched in nitrate, and also by 
the turbulence regime. Hence, diatom growth may be fostered in coastal waters with a high ammonium 
to nitrate ratio and featuring a dynamic microbial loop if nutrient inputs are coupled to turbulent mixing. 
This is indeed coherent with our observations at monthly and daily timescales. In the multiyear time 
series, chlorophyll peaks were chieß y correlated with nitrate concentration, and the analysis of singular 
episodes showed that many chlorophyll increases corresponded to episodes of increased turbulence; on the 
contrary, after freshwater spills we persistently found high bacterial numbers, and only slight chlorophyll 
changes were observed.
Overall, it appears that the particular dynamics of our study site can be largely attributed to the background 
conditions set up by human pressure, which modify the ratios of the different nutrients released to the 
coastal area. No clear eutrophication signal is seen in Barcelona in terms of highly elevated chlorophyll, 
but it does seem that the nutrient and organic matter conditions favour heterotrophic components of 
plankton, which often respond to nutrient inputs before phytoplankton cells. Moreover, nutrient pulses 
into coastal waters are not very predictable; nutrient peaks are sometimes detached from meteorological 
forcing episodes, and the city exerts a certain buffering effect which seems to strongly constrain the timing 
and intensity of nutrient inputs after forcing events. A reduction in the forcing variability or its intensity 
theoretically favours small picoplankton (auto and heterotrophic) against large phytoplankton, such as 
diatoms, that respond well to large inorganic nutrient pulses. Paradoxically, a decrease in the variability 
of forcing conditions does not lead to a more stable system and better ecological forecasts, but reduces the 
predictability in the response of plankton dynamics, that now depend more heavily on complex internal 
trophic interactions and delicate balances.
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While the Þ rst three chapters of the thesis cluster around plankton variability in a highly urbanized 
coastal ecosystem, the experimental simulation in Chapter 4 is somewhat outside that focus. We selected a 
coastal location less affected by human activities where phosphorus, not nitrogen, appears to be the main 
limiting nutrient for biological growth. P limitation has been widely reported across the Mediterranean Sea 
and thus some insights on the effects of episodic P enrichments are essential if we are to have an adequate 
overview on coastal processes. Besides, we wanted to include atmospheric deposition to complement the 
range of nutrient sources, since otherwise we could lead to the mistaken idea that occasional nutrient 
inputs in coastal areas are fully controlled by freshwater inß ows.
Dust storms supply varying amounts of macro and micronutrients to surface waters, in different 
proportions; these fertilizing events have been shown to induce the growth of auto and heterotrophic 
components of the plankton, yet the impact on the dynamics of the whole community and the response 
sequence are seldom described. Our experimental simulation tracked changes in the community during 7 
days, and again, considered differences between turbulent and calm conditions. 
As aforementioned, water was not sampled in Barcelona but we used instead water from Blanes Bay; 
a number of reasons justify our decision: Þ rst, nutrient concentrations in Blanes are lower than those in 
Barcelona, so it would be easier to detect small increases and estimate the amount of nutrients released 
from the dust; second, if plankton cells are regularly exposed to low nutrient concentrations then, in theory, 
the biological response to any small input would be maximal; third, phosphorus is the limiting element 
for biological growth in Blanes during most part of the year (Lucea et al. 2005, Pinhassi et al. 2006), so 
we could test to what extent the stimulation of biological production following dust inputs was simply the 
result of the supply of phosphorus. The latter comparison would be hardly possible to do in Barcelona, 
because coastal waters near the city display varying nutrient ratios that prevent a good prediction of 
limiting factors throughout the year. 
Interestingly, the results of the experiment underlined the importance of nutrient composition and 
balanced elemental ratios in driving biological shifts. Low dust inputs and phosphate enrichments produced 
increases in phototrophic nanoß agellates; apart from phosphate, dust provided ammonium, silicate and 
some organic carbon, but their concentrations in the low dust treatments were not high enough to induce a 
differential response. By contrast, the maximum addition of dust set off a series of peaks: bacterial numbers 
were maximum after 48h, they were followed by a peak in heterotrophic ß agellates and Þ nally there was a 
signiÞ cant growth of autotrophic organisms, mainly nanoß agellates but also diatoms. 
This sequence of responses was in part caused by a nutrient asymmetry, because silicate was released 
from the dust at a slower pace than the rest of nutrients. Thereby, the initial inputs of phosphate, ammonium 
and organic carbon and the relative lack of silicate spurred the growth of bacteria; the subsequent control 
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of bacteria by grazers allowed for some recycling of nutrients; recycled nutrients, together with the late 
silicate release, stimulated the growth of diatoms and other phytoplankton at the end of the experiment.
The comparison between dust additions and phosphate-only enrichments showed that dust has a 
non-unique path of alleviating possible nutrient limitations of marine plankton. The diverse chemical 
composition of atmospheric aerosols enabled the stimulation of different planktonic organisms with 
different growth limitations and requirements, such as heterotrophic bacteria, siliceous and non-siliceous 
phytoplankton, whilst the addition of phosphate alone, considering that P was indeed the limiting nutrient, 
relieved the most immediate nutrient deÞ ciency but quickly resulted in the next limiting/co-limiting 
nutrient to kick in. Again, these distinct responses reß ect the importance of nutrient composition, and 
not only total nutrient load, in driving biological changes, notably in oligotrophic regions where nutrients 
remain in low concentrations during long periods of time.
Finally, the concurrence of turbulence with dust pulses did not alter the general response of the 
community but induced slightly larger and longer-lasting production peaks. This contrasts with the 
results of the experiments performed with coastal waters from Barcelona, where the interaction between 
turbulence and nutrient imbalances played an important role in shaping the community composition. 
The secondary role of turbulence with respect to nutrient inputs in Blanes is in accordance with previous 
enrichment studies (e.g. Guadayol et al. 2009b), and may be a symptom of a more severe nutrient limitation 
in Blanes than in Barcelona. In sum, dust triggered bacterial growth, changed phytoplankton dynamics, 
and affected the ratio of autotrophic to heterotrophic biomass, adding to the variability in the sources that 
affect system dynamics, energy and carbon budgets.
Further progress
The choice of Barcelona as the main sampling site for the study carried with it an obvious interest in 
resource management and the assessment of human pressures on the coastal marine ecosystem. We were 
aware that it had several drawbacks, mostly related with the difÞ culty of sorting out forcing factors within 
a highly dynamic environment, but we were encouraged by the fundamental understanding acquired from 
the Microbial Observatory of Blanes Bay, which provided somehow a reference area to compare with. 
In a conscious effort to capture the variability of human disturbed systems, we decided to examine 
changes at different timescales, and complemented the Þ eld studies with experimental simulations where 
the environmental factors could be controlled. Careful attention was also placed upon the methodology and 
the choice of biological and chemical variables to get a reliable picture of ecosystem processes. Research 
studies, however, involve testing at the ecosystem level, and testing entails a number of uncertainties that 
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are virtually impossible to be determined a priori. Moreover, time constraints set up a limit on the try-outs 
within the framework of a thesis. A fringe beneÞ t from our work is the detection of elements that can be 
improved when planning future studies.  
We identiÞ ed a few aspects that could ameliorate our understanding of the coastal system:
(1) Annual and seasonal patterns in Barcelona presented wide ranges of variability. Part of this 
variability is intrinsic to the complexity of coastal ecosystems, but part of it is due to the short temporal 
extent of the series, the longest records going back to 2002 (that is, 7 years); a reÞ nement may come from 
the extension of the sampling program, something which is already under way. Narrowing the limits of 
seasonal variations may, in turn, lead to a better detection of short-term disturbances.  
(2) We identiÞ ed turbulent mixing as an important driver of plankton dynamics. Tidal movements in 
Barcelona are weak, so turbulence is mostly induced by wind stress and swell. Although we had long time-
series for both wind and wave height, direct measurements of turbulence in our sampling station could 
only be obtained during one of the weekly surveys. Accurate data of current velocities and turbulent energy 
dissipation rates in the study area would substantially improve our knowledge on the direct links between 
turbulence and biological variables; Þ rst, we would be able to detect precisely local, low intensity episodes 
of increased turbulence and second, we would obtain more realistic time lags in the cross-correlation 
analyses. 
(3) Needless to say, a good characterisation of the efß uents that reach coastal waters in the area of 
Barcelona is essential to improve the predictability of the system. High ratios of ammonium to nitrate seem 
to promote the persistence of large fractions of small-sized organisms and reinforce the microbial loop, but 
it would be interesting to conÞ rm whether ammonium inputs come primarily from small volumes of highly 
concentrated urban efß uents, unpredictably released through the storm overß ows, or if they are instead 
the long-term result of large diffuse runoff and river ß ushes after rainfall events. The regulation or removal 
of erratic urban spills, if that is the cause, may lead to a different community dynamics.
(4) An increase of the sampling frequency in weekly surveys would also improve the signiÞ cance and 
predictability of statistical correlations at short timescales. We found that sudden changes in nutrient 
concentrations occurred at night, during the longest time interval between samplings, and this obscured a 
good estimation of response lags. A higher sampling frequency, regularly distributed throughout the day, 
would probably help to improve the results of the cross-correlations.
(5) In this regard, reliable information on the discharge of storm overß ows is of major interest. We 
managed to obtain data from one of the storm overß ows located close to the sampling station, but the 
records presented numerous gaps and were somewhat inaccurate. Indeed, the outß ow volume is not 
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measured directly but estimated from measurements of the water level; Clavegueram de Barcelona S.A. 
(CLABSA), the enterprise that provided the data, is still making adjustments to reduce the background 
noise and avoid, for instance, erroneous data during periods of intense ground swell. 
A rigorous dataset on these occasional outß ows, along with the currently available time series of 
meteorological and hydrological data would provide exceptional tools to characterise the ß uctuations of 
the planktonic community and effectively improve our understanding of the ecosystem dynamics. 
Concluding remarks
The concern for coastal issues has increased over the past decades in parallel with the extensive population 
growth of coastal cities. Half the worlds population lives nowadays along the coast and relies on services 
provided directly or indirectly by the marine ecosystem (Barbier et al. 2008, Zingone et al. 2010). In this 
scenario, any effort intended to achieve a better understanding and management of coastal resources is of 
great interest.
The pursuit of a global picture of the processes and patterns that characterize plankton dynamics 
in coastal marine waters has crystallized in recent years in the form of studies that review long-term 
investigations across a wide range of ecosystems. Some of these studies have stressed the enormous 
seasonal and inter-annual variability observed at coastal sites (e.g. Cloern & Jassby 2008), while others 
have focused on the spatial coherence of such seasonal traits and highlight the divergence at shorter 
timescales (Cloern & Jassby 2010, Zingone et al. 2010b). The compilation of data from many different 
locations is, anyhow, essential to identify the ensemble of processes that induce plankton variability, so 
this thesis seeks to contribute to the general understanding of coastal dynamics by providing data from a 
highly urbanized coastal location.
Long-term monitoring programs are mostly founded on time series of chlorophyll and phytoplankton 
dynamics. Chlorophyll is certainly a useful indicator of changes in the community, but it is not always 
enough to understand complex temporal and spatial patterns. In an attempt to offer a broader perspective, 
we have complemented widespread chlorophyll measurements with the analysis of other autotrophic and 
heterotrophic organisms at different timescales. The joint analysis of meteorological and hydrological 
factors, and this community approach (as opposed to the observation of speciÞ c planktonic groups), have 
led to considerable progress in understanding the coastal system in Barcelona. We are aware, however, 
that this thesis opens many questions to be addressed in future studies. We hope that our results serve 
as a stimulus for further work and help in the advancement of our predictive capabilities for a better 
management of the marine resources.
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